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Part I. The molybdenum(VI) dioxo alkoxides (r|5-C5H5)Mo02(OR) 
(R=CH2CH3, CH(CH3)2) and [n5-C5(CH3)g]Mo02(OR) (R=CH3, CH2CH3) 
CH(CH3)2) have been prepared and characterized. Single crystal X-ray 
diffraction studies showed that CpMo02(OCH2CH3) and 
Cp*Mo02(OCH2CH3) adopt the expected piano stool geometry. Oxygen-17 
NMR chemical shifts of the terminal oxygens showed that Cp* is a better 
electron donor to the metal center than Cp. Oxygen-17 NMR also showed 
that for a series of compounds, CpMo02(OR) (R=Me, Et, i-Pr and t-Bu), 
electron donation increased in the order methoxide < ethoxide < 2-propoxide 
< t-butoxide. Thermolysis of CpMo02[OCH2(CH3)2] at 55°C in CD3CN 
produced, after a ten minute induction period in which no organic products 
were observed, equal amounts of acetone and 2-propanol. Thermolysis of 
CpMo02(OCH2CH3) produced ethanol and very small amounts of 
acetaldehyde. Acetaldehyde was found to react readily with 
CpMo02(OCH2CH3) to produce acetal and (CpMo02)20. Thermolysis of 
Cp*Mo02(OCH2CH3) at 80°C in CD3CN resulted in the formation of half an 
equivalent of ethanol, half an equivalent of tetramethylfulvene and 1/4 
equivalent of [Cp*Mo204(OCH2CH3)]2. Single crystal X-ray structural 
iii 
analysis revealed that the latter complex was comprised of two Mo2O^ units 
linked by bridging alkoxide ligands and capped on each end by an nS-CgMeg 
ligand. The thermal behavior of the title compounds stands in contrast to 
the thermal decomposition of [(P309)Mo02(OCH2CH3)]2-, a model 
compound for alkoxides on a M0O3 surface, which at 180°C in CD3CN 
produced, with no induction period, half an equivalent of acetaldehyde and 
half an equivalent of ethanol (Wang, R. C. Ph.D. Thesis, University of 
Illinois, 1988). 
Part II. The principal mono- through hexasilicate structural 
isomers formed by hydrolysis of methanolic tetramethylorthosilicate in the 
presence of HC1 have been structurally assigned and quantitatively 
determined. Complex silica sol-gel mixtures were separated into several 
simpler samples which were characterized by gas chromatography and 
mass spectrometry (Ramamurthi, S. D. Ph.D. Thesis, University of 
Illinois, 1088). The contents of each sample were structurally 
characterized and quantified by 29Si(1H} NMR techniques (1-pulse, ID-
INADEQUATE and 2D-LNADEQUATE). By comparing the NMR data with 
the gas chromatographic data, structural assignments were made and 
response factors were calculated for each of the components separated by 
gas chromatography. 
iv 
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Chapter 1 
Introduction 
A mixture of M0O3 and Fe^(MoO^)^ is used commercially as a 
catalyst for the partial oxidation of methanol to formaldehyde (eq 1).* 
CH3OH +1/2 O2 -* CH2O + H2O (1) 
Although this reaction has been studied in some detail, the mechanism by 
which it occurs has not been well-defined. Thus far it has been established 
that the reaction proceeds first by chemisorption of alcohol to form a 
molybdenum alkoxide, then by oxidation of the alkoxide and desorbtion of 
the resulting aldehyde with concurrent loss of water and methanol and 
finally by the uptake of O2 to restore the catalyst to its original state (see 
Scheme l).l It has also been determined that cleavage of the methyl 
CH3OH 
H?0 
Mo(OCH3) 
CH20 + H20 + CH3OH 
Scheme 1 
C-H bond is the rate determining step of the catalytic cycle.2 Reactor 
studies have shown that product distributions, kinetics and catalyst activity 
are comparable for M0O3, Feg(Mo04)3 and the mixture of both phases.3 To 
reduce complexity, most studies of the mechanism of this oxidation have 
therefore been carried out over pure M0O3. Studies of alcohol oxidation over 
M0O3 have thus far been unable to obtain a more complete description of the 
alcohol's attachment to the catalyst surface or of the mechanism by which 
the surface methoxy groups are converted to formaldehyde. 
Workers at DuPont have established the sequence of reactions shown 
in Scheme 1 through a series of experiments.1 Reactor studies in which 
CH3OH was replaced by CD3OD have shown a three times slower rate of 
formaldehyde production at 300°C over M0O3. Replacing CH3OH with 
CH3OD had almost no effect on the rate of formaldehyde production.2 This 
kinetic isotope effect for the deuterated methyl group demonstrates that 
cleavage of the C-H bond is the rate determining step of the catalytic cycle. 
A series of experiments which combined microgravimetry and 
temperature-programmed desorption (TPD) of a M0O3 powder were also 
performed. The catalyst was exposed to methanol at 25°C and the effluent 
gases were quantified as a function of temperature by their mass spectral 
intensities. The first species which desorbed (at about 120°C) were water 
and methanol. The metal methoxide IR band intensities remained constant 
while absorbances due to physically adsorbed intact methanol 
disappeared.4 This indicated that physically adsorbed intact methanol, 
rather than methanol formed by a recombination of surface methoxy and 
hydroxy groups, was desorbed first. At about 215°C surface bound methoxy 
groups were oxidized to give formaldehyde, water and methanol. The 
2 
presence of the latter two species is very likely due to recombination of 
surface hydroxyls, formed in the alkoxide oxidation, with themselves or 
methoxides respectively. Some overlap occurs between the two peaks in the 
TPD. A weight loss from the catalyst corresponding to one oxygen per 
formaldehyde was observed. The catalyst can be regenerated at 400°C by the 
uptake of O2 to complete the catalytic cycle. A second set of experiments 
was conducted in which M0O3 was dosed with CD3OH and then held at 
120°C under vacuum until the sample weight no longer changed. This step 
eliminated completely the overlap between the two TPD peaks. TPD was 
then continued and the only products observed were CD2O, CD3OD and 
D2O. The shape of the CD2O TPD peak and the temperature at which it 
occurred were unchanged from those seen during a monotonic 
temperature increase. These experiments with labeled methanol show that 
the hydroxy groups formed by chemisorbtion of methanol either: 1) react 
and leave the catalyst at lower temperatures than that at which 
formaldehyde is formed or 2) remain on the catalyst throughout the TPD 
experiment. The activation energies of the oxidation of methanol to 
formaldehyde were identical in the reactor studies and the TPD 
experiments. 
The oxidation of other alcohols over M0O3 was also investigated.^ 
Results similar to those described above were obtained when methanol was 
replaced by ethanol in the TPD experiments. The results of the TPD 
experiments which used 2-propanol as the reactant were complicated by the 
dehydration to give propene along with the expected, oxidation product 
acetone. The maximum height of the TPD peaks for the formation of CH2O, 
3 
CH3CHO and (CH3)2CO from their corresponding alcohols occurred at 
215°C, 175°C and 140°C respectively. 
In order to better characterize the nature of the reactive site 
responsible for the oxidation of alcohols on M0O3, attempts were made to 
determine which crystal faces of M0O3 catalyze alcohol oxidation. Based on 
the Mo-0 bond lengths in M0O3, each Mo atom is coordinated to 2 doubly-
bonded oxygens (dMo-0 =1.67A or 1.73A), 2 singly-bonded oxygens (dMo-0 
=1.95A) and 2 weakly coordinated oxygens (dMo-0 =2.25A or 2.33A). 
Molybdenum trioxide occurs as weakly interacting layers, one of which is 
shown in Figure 1.1. A group in France concluded that the Mo (010) 
surface (see Figure 1.1) was the surface at which the production of 
formaldehyde occurs.G Their conclusion was based on experiments in 
which M0O3 crystals were separated by size using sieves, and the surface 
area for each crystal face for five samples was calculated from 
microphotographs, and the percentage of adsorbed methanol that was 
converted to formaldehyde upon heating was measured. It was found that 
the percentage of methanol converted to formaldehyde (rather than 
methylal or dimethyl ether) was roughly correlated with the percentage of 
(010) faces on the surface of M0O3. This conclusion was contradicted by a 
group at DuPont whose microbalance/BET analysis of a M0O3 powder 
catalyst showed that only 16% to 24% of surface sites were occupied with one 
methanol per Mo atom. Since (010) is the predominant surface, higher 
coverage values would be expected if the (010) surface were responsible for 
alcohol oxidation. 1 Furthermore it was shown that the oxidation activity of 
a single crystal of M0O3 (whose surface was almost entirely the (010) 
surface) towards alcohols was much lower than powdered M0O3.I The 
4 
Figure 1.1 A ball and stick drawing of M0O3. Molybdenum atoms are 
represented by the smaller black circles and oxygen 
atoms are represented by the larger unfilled circles. Weak 
bonding interactions are indicated by the lighter bonds (bond 
length 2.25A or 2.33A). The bonds trans to the weak bonds are 
the strongest bonds (1.67A or 1.73A). The Mo03 (010) plane lies 
parallel to the plane of the paper. 
5 
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6 
UPS spectrum of the (010) surface of single crystal M0O3 indicated that no 
methoxy groups were chemisorbed; intact physically adsorbed methanol 
was observed instead.7 These authors propose that methanol is actually 
adsorbed on non (010) faces where there are vacant coordination sites on 
Mo. 
The oxidation of an alcohol (ethanol in this case) to its corresponding 
aldehyde over a molybdenum oxide catalyst dispersed on a Si02 substrate, 
was thoroughly studied by a Japanese group and a mechanism was 
proposed for the oxidation.8 Mo2dl3-C3H5)4 and Mo(T|3-C3Hg)4 were 
dispersed on silica gel in pentane, dried and heated in oxygen to form a 
MoVI dimer and monomer catalyst respectively. 9 Dispersion of individual 
Mo atoms on the SiOg surface was shown by their uniform spectroscopic 
properties. Hexavalent Mo was identified by XPS and by the uptake of 
measured amounts of O2. EXAFS data showed that the Mo atoms in the 
dimer catalyst occurred in pairs on the S1O2 surface. Both the monomer 
and dimer catalysts converted ethanol to acetaldehyde with better than 90% 
selectivity. The conversion had a lower activation energy over the dimer 
catalyst (53 vs. 62 kJ moH). A two step reaction sequence was observed 
with the alcohol first being chemisorbed to form an alkoxide (established by 
IR), and then oxidized to form an aldehyde. The reduced catalyst can be 
regenerated by the addition of 02-
The studies of alcohol oxidation over M0O3 did not elucidate the 
mechanism of the H atom transfer in the rate determining step of methanol 
oxidation over M0O3. Bennett, et al. proposed a mechanism for this 
oxidation (see Scheme 2) in which methanol adds across a molybdenum 
oxygen double bond and a H atom from the resulting methoxy group is 
7 
transferred to a terminal oxygen on a neighboring Mo atom.10 Allison and 
Mo-
+ CH3OH-
-Mo 
OH (.  OCH3 0 
Mo' 0 Mo 
OH OCH3
 0 
V 1  
Mo 0 Mo 
OH 0CH2 OH V 
Mo— •Mo-
Scheme 2 
Goddard used a theoretical approach to support this mechanism for the 
oxidation of methanol to formaldehyde over M0O3.H In this approach ab 
initio quantum chemical calculations were carried out on two model 
compounds, M0O2CI2 and M0OCI4 (with each CI modeling a bridging 0 in 
the M0O3 lattice). The Mo=0 bond is stronger in M0OCI4 than in either 
Mo=0 bond of M0O2CI2 because the oxygen p% orbitals of M0OCI4 can form 
bonds with 2 Mo d orbitals while the oxygens of M0O2CI2 must share these 
orbitals (the spectator oxo effect).? This spectator effect accounts for their 
finding that the addition of methanol across a Mo=0 bond was more 
favorable in the case of M0O2CI2 (AG=33 kcal/mol). Assuming then that 
methanol adds across a molybdenum-oxygen double bond to give the 
intermediate species 1 (eq 2), abstraction of a methyl hydrogen by a terminal 
V CH3OH OCH, (2) 
8 
oxygen on a neighboring Mo would have a substantially lower energy 
barrier than abstraction by an oxo on the same Mo center due to the 
spectator oxo group effect: 
V 
%r- A - * A A AG=6 kcal/mol 
The (3-hydride elimination of formaldehyde from 1 was found to be a 
reasonable, but somewhat less likely alternative mechanism: 
V 
0
 AG=10 kcal/mol 
Because it is not possible to determine the geometry of the reactive 
sites on M0O3, several model compounds have been synthesized. In one 
study the compounds Mo20g(OCH3)2 and Na4[Mog024(OCH3)4] • 8CH3OH 
were prepared and their thermolyses studied. *2 Thermolysis of these 
compounds yielded dimethylether and formaldehyde. The structure of the 
isopolymolybdate indicated two possible coordination geometries of 
alkoxides bound to the M0O3 surface. The authors pointed out that the 
short, intramolecular CH-0 contacts (2.49(5)A or 2.48(4)A) that were found 
between one hydrogen of each methoxy group and a terminal oxygen 
indicated possible paths for proton transfer in the isopolymolybdate. 
9 
It has been proposed that surface M0-OCH3 groups on M0O3 have the 
local geometry pictured in D, where a bridging oxygen in the M0O3 lattice is 
replaced by an alkoxide group.5,13 A series of compounds designed to 
model the proposed intermediate D, of the formula [(P30g)Mo02(OR)]2' 
where R=CHs, 2, CH2CH3, 3, CD2CH3,4, CH2CH=CH2,5 and 
CD2CH=CH2, 6, were prepared and studied by Wang.14 The structure of 
these compounds is shown in E. It was found that these alkoxide 
-0 Mo—OR 
V/° 
— Mo— 
7 
-OR 
A 0 
E 
complexes could be formed by the addition of alcohol to the oxygen bridged 
species as shown in equation 3. Thermolysis of the ethoxide complex, 3, 
" V V" 
(P3O,) Mo 0— M °< W 
4-
2 ROM (P30,)Mo OR + H20 (3) 
at 180°C in deuterated nitrobenzene and deuterated acetonitrile yielded, at 
low conversions, half an equivalent of acetaldehyde and half an equivalent 
of ethanol as well as unidentified inorganic products. Thermolysis of the 
selectively deuterated ethoxide, 4, showed a kinetic isotope effect which 
10 
demonstrated that cleavage of the methylene C-H bond is the rate limiting 
step in the formation of acetaldehyde. When the allyl alkoxide, 5 or 6, was 
heated to 80°C it isomerized to the exclusively, cis-enol alkoxide as shown in 
equations 4 and 5. The deuterated material showed the expected kinetic 
isotope effect. When the deuterated and nondeuterated allyl alkoxides were 
combined, no crossover was observed in the conversion to the enol alkoxide. 
[(P30g)Mo02(OCH2CH=CH2)]2- - ^ - » - [(P30g)Mo02(OCH=CHCH3)]2- (4) 
o/Hv
 0>=< 
^ 
(P309)MoW£ ~ (P309)Mo 
CH2D 
.0 
O (5) 
Experiments using the [(P309)Mo02(OR)]2_ model system of 
Klemperer and Wang supplied new information concerning the first two 
steps of alcohol oxidation over M0O3 (see Scheme 1). The reaction shown in 
equation 3 demonstrates that in this model system the addition of alcohol 
across a Mo-O-Mo bond is more favorable than addition across a Mo=0 
bond, thus predicting that the same will be true of M0O3. The lack of 
crossover in the isomerization of the allyl alkoxide demonstrates that the H 
atom transfer in the isomerization is intramolecular. The crossover 
experiments indicate that it is not necessary to employ a two site 
mechanism for the rate determining H atom transfer step as was 
previously proposed by Bennett and co-workers.5 
11 
The mechanism of the rate determining, intramolecular H atom 
transfer in the oxidation of the alkoxide group in molybdenum dioxo 
alkoxides is still not known. One possibility for the mechanism of this 
reaction is 13-hydride elimination (Scheme 3). The regiospecific, 
T^\H » ^
 + °*c-R O-^-C—R H \ 
\ R' 
R' 
Scheme 3 
intramolecular isomerization of [(P309)Mo02(OCH2CH=CH2)]2- to 
[(P30g)Mo02(OCH=CH2CH2)]2- (eqs 4,5)14 demonstrates that the organic 
ligand remains attached to the Mo center during the H transfer process. 
This observation suggests that if D-elimination occurs, it may be 
accompanied by the formation of an n2 aldehyde or ketone ligand (Scheme 
4). This type of reaction has been proposed to occur in the thermal 
R' R' 
Scheme 4 
decomposition of (DPPE)Pt(OCH3)2 (eq 6).15 A second possibility for the 
12 
p. OCH3 o _ # * . \ p 0CH3 \<A C>: CH, P OCH3 25°C CH3OH + [CH20]x 
(6) 
mechanism of the H transfer is proton transfer to a terminal oxygen 
(Scheme 5). The proton transfer may be accompanied by the formation of 
O 
w 
Mo H 
/ 
w 
\ 
Mo 
OH 
O C — R 
R' 
•C —R 
\ 
R' 
Scheme 5 
an r\2 aldehyde or ketone ligand (Scheme 6). The formation of an n 2 
LA 
R' 
\ \ 
0—H 
M o ^ ^ R 
Scheme 6 
V 
II 
0 
R' 
aldehyde or ketone could be an important factor in lowering the energy 
barrier for proton transfer from the 13 position. Although there has been 
only one report of metal alkoxide that thermolyzes to an isolable r|2-ketone 
complex,16 the literature suggests that this reaction may not be uncommon. 
Several X-ray crystal structures of n2-aldehyde complexes have been 
13 
published.17 Bond lengths for these compounds lie between those of a C=0 
bond in free aldehyde and typical CO bond lengths. 
The literature provides few clues as to the expected mechanism of 13-
hydrogen transfer in molybdenum dioxo alkoxides. There have been a few 
reports of J3-H transfer in transition metal alkoxides but none of these 
involve a d° metal center.18 The d° alkoxide Cp*TaMe3(OR) does not 
decompose at 120° for 1 day (eq 7, R=CH(CH3)2),19 even though the 
OCH(CH3)2 o 
product has been synthesized by a different route.20 The lack of thermal 
reactivity of Cp*TaMe3(OR) is somewhat surprising since the formally 
isoelectronic amide ligand is susceptable to 13-H migration (eq 8).19 
CH3 
N(CH3)2 N 
C p * T £ Z.CH 3 25°C % Cp*Ta<^CH: 
\ CH3 \ N C H 3 
CH3 CHa 
CH< 
(8) 
The metal oxo alkoxide Re(0)(OR)(MeCCMe)2, R=Et, i-Pr, decomposes at 
80°C over weeks forming small equimolar amounts of Re(0)H(MeCCMe)2 
and acetaldehyde (-10%, when R=Et) or acetone (-20%, when R=i-Pr) 
indicating that P-hydrogen elimination probably occurs.9 
14 
The goal of the first part of this thesis is to provide a more complete 
description of the mechanism of the oxidation step that is responsible for 
the conversion of methanol to formaldehyde. The investigation, involved 
the preparation of molecular analogues that mimic the local geometry 
around Mo of molybdenum alkoxides on the surface of the M0O3 catalyst. 
The reactivity of these compounds was then compared to the reactivity of the 
[(P30g)Mo02(OR)]2- model system.14 
To accomplish the comparison with the [(P30g)Mo02(OR)]2' model 
system, other Mo(VI)-dioxo-alkoxide complexes containing 13-hydrogens 
were sought. Several such compounds of the formula Mo02(OR)2 have 
appeared in the literature,22-23 including a few examples of polymeric 
species which contain 13-hydrogens, [Mo02(OR)2ln (R = Me, Et, n-Pr, i-Pr, 
and CH-t-Bu). These compounds are reported to decompose at room 
temperature (under N2) to blue molybdenum oxides. The addition of 
pyridine or bipyridine (bpy) converts these polymers to monomers, one of 
which, (bpy)Mo02(Oi-Pr)2, has been characterized by single crystal X-ray 
structural analysis.22 These dialkoxide complexes are not appropriate for 
this study, however, because the second alkoxide ligand could serve as a 
proton acceptor (eq 9). This reaction pathway is not directly comparable to 
MoV%OCH3)2_>CH30H + CH2O + Mo™ (9) 
the intramolecular H transfer in LMo02(OR) in which L is an inert ligand. 
In order to reduce the possibility that the thermal decomposition 
ocurrs by alternative pathways, it was decided to change only the (P3O9)3' 
ligand in [(P30g)Mo02(OR)]2'. It was hoped that replacing the ligand L on 
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LMo02(OR) would lead to changes in the reactivity of the Mo02(OR) moeity, 
and that these changes would be ascribable to identifiable characteristics of 
the ligand. The ligands (nS-CgHg)' (Cp)and (nS-CgMeg)' (Cp*) were chosen 
as good replacements for (P3O9)3" in this study because: 1) the Mo center 
would remain hexavalent, 2) similar to the case of(PsOg)3-, the ligands 
would occupy three coordination sites, 3) it appeared probable that the 
ligands themselves would be unreactive under the conditions of this study 
and, 4) it appeared that both sets of compounds could be readily synthesized. 
The literature contains several examples of similar, thermally stable 
compounds that exhibit the above three features. CpMo02Cl and 
(CpMo02)20 were prepared in the early 1960s by Cousins and Green.24 
More recently the Cp* analogues of these compounds, (Cp*Mo02)20 and 
Cp*Mo02Cl, were reported.25 The alkoxy derivatives CpMo02R and 
Cp*Mo02R (R = CH3, CH2SiMe3) have also been prepared.26 A tungsten 
dioxo alkoxide was synthesized by the reaction of Cp*2WO with O2 to give 
Cp*W02(OR) (R= nl-CsMes).16 Chapters 2 and 3 of this thesis describe the 
synthesis and themal reactivities of the compounds LMo02(OR) (L = Cp; R = 
Et, i-Pr, and L = Cp*; R = Me, Et, i-Pr). 
16 
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Chapter 2 
Synthesis, Characterization and Thermolysis 
of CpMo02(OCH2CH3) and CpMoOzEOCHfCrW 
A. Introduction 
Klemperer and Wang obtained valuable insights into the 
mechanism of partial alcohol oxidation over Mo03 by studying the 
[(P3Og)Mo02(OR)]2' model system.1 Additional information concerning 
this reaction mechanism was sought by replacing the (P3Og)3- ligand in 
[(P309)Mo02(OR)]2- with a (nS-CgHs)- ligand and observing the resulting 
changes in reactivity. This chapter reports the synthesis, characterization 
and thermolysis of CpMo02(OCH2CH3) and CpMo02[OCH(CH3)2]. 
B. Experimental Section 
Reagents, Solvents and General Procedures. Ethanol (Midwest 
Grain) and 1 7 0 enriched water, 52.4% by atom (Monsanto) were used 
without further purification. Molecular sieves (3A, Linde) were activated 
at 350°C and 0.015 torr for one day. Acetaldehyde (Aldrich) and Nujol were 
dried over molecular sieves prior to use. Isopropanol (Fisher) was 
fractionally distilled from sodium and stored over molecular sieves. 
Toluene (Fisher) was distilled from sodium. CD3CN (ICN Biomedicals) 
was distilled from P2Og and stored over molecular sieves. Heptane 
(Burdick & Jackson), dried over t-butyl-lithium, and diethyl ether 
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(Mallinckrodt), dried over n-butyl-lithium, were vacuum-transferred into 
the reaction vessels. l,8-bis(dimethylamino)napthalene, also known as 
proton-sponge (Aldrich) was purified by sublimation at 70°C and 0.015 torr. 
MoOCl4,2 M0OCI3,3 and CpMoOjjBr4 were prepared by literature 
procedures. All experiments were performed under nitrogen or argon 
using standard Schlenk, vacuum-line, or inert-atmosphere box 
techniques. Glassware was flame-dried in vacuo prior to use. All 
sublimations were carried out at 60°C and 0.003 torr onto a probe cooled 
with dry ice unless otherwise noted. 
Analytical Procedures. Elemental analyses were performed by the 
University of Illinois School of Chemical Sciences Microanalytical 
Laboratory. Infrared spectra were measured from mineral oil (Nujol) 
mulls between KBr plates on a Perkin Elmer 1330 spectrophotometer and 
were referenced to the 1028 cm 1 band of a 0.05 mm thick polystyrene film. 
1H NMR spectra were obtained using a General Electric QE-300 
NMR spectrometer and the chemical shift values were internally 
referenced to tetramethylsilane at 0 ppm. 13C (%) NMR spectra were 
obtained using a General Electric QE-300 or GN-300 NMR spectrometer. 
The 13C chemical shift values were internally referenced to CD3CN solvent 
resonances at 118.2 and 1.3 ppm or, if appropriate, to d8-toluene solvent 
resonances at 137.5 and 20.4 ppm. 1 70 NMR spectra were obtained without 
sample spinning or locking using a FTNMR system equipped with a 5.87 T 
Oxford Instruments magnet and a Nicolet 1180 data system and the 
chemical shift values were externally referenced to fresh tap water by the 
sample replacement method. All reported linewidths have been corrected 
for exponential linebroadening. 
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X-ray structural analyses were performed by Dr. Scott Wilson at the 
University of Illinois School of Chemical Sciences. 
Recrystallization of CpMo02Br. Crude CpMoO2Br was synthesized 
according to the method of Bunker and Green.4 The crude green-yellow 
solid obtained by this method was dried in vacuo. Two grams of the crude 
material was recrystallized two times by dissolving it in dry, hot 
diethylether (100 ml), filtering and layering in pentane (30 ml), and then 
cooling the solution to -15°C. The resulting yellow crystals (1.4 g) were 
collected and stored at -15°C. 
Synthesis of CpMo02(OCH2CH3). Ether was frozen onto a mixture of 
CpMo02Br (1.31g, 4.8 mmol) and proton sponge (l.OOg, 4.7mmol). The 
mixture was warmed to -78°C, and ethanol (0.8ml, 14mmol) was added. 
The mixture was stirred for one hour, and warmed gradually (~90min) to -
15°C. The resulting yellow solution was filtered cold and the ether was 
removed in vacuo at -78°C. The solid was extracted with ether (110ml), and 
the extract was filtered, concentrated to 80ml in vacuo, and diluted with 
heptane (50ml). The solution was stored at -15°C overnight, then warmed 
to 0°C and filtered. At 0°C, solvent (65ml) was slowly removed (90min) and 
then the supernatant was filtered off, leaving light brown needles. These 
needles were dissolved in ether (50ml) and heptane (20ml) and cooled to -
15°C overnight. The resulting mixture was warmed to room temperature, 
filtered, and again cooled to -15°C (-20 hours). The mother liquor was 
removed while still cold to leave yellow crystals which turned green upon 
warming to room temperature. A few of these crystals were submitted for 
an X-ray structural analysis while the rest were sublimed (45°C) to give a 
pale green powder (220mg, 19%). Anal. Calcd for C?HioMo03: C, 35.31; H, 
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4.23; Mo, 40.29. Found: C, 35.11; H, 4.18; Mo, 40.11. IR (cm1): 1091 (m), 
1035 (5,br), 933 (m,sh), 920 (m), 907 (s), 893 (s), 813 (m), 761 (w), 550 (w,br). 
iH NMR (CD3CN): 86.61 (singlet, 5H), 4.35 (quartet, J=6.9 Hz, 2H), 1.22 
(triplet, J=6.9 Hz,3H). ^CfiH) (CD3CN): 8113.3 (Cp), 75.7 (CH2), 17.8 (CH3). 
" 0 NMR (CD3CN): 8863 (41 Hz). 
Synthesis of CpMo02(OCH(CH3)2). To a solution of CpMo02Br (1.30g, 
4.8 mmol) in toluene (150ml) were added proton sponge (l.OOg, 4.7 mmol) 
and isopropanol (0.7ml, 7.5 mmol). The solution was stirred for 90 min., 
filtered, and taken to dryness in vacuo. The solid was extracted with a 
solution of diethyl ether (160ml) and heptane (50ml) and the extract was 
stored at -15°C (-12 hrs.). The supernatant was decanted off. The 
ether/heptane recrystallization was repeated as above and the resulting 
crystals were sublimed onto an ice cooled probe to give a pale green powder 
(0.30g, 25%). Anal. Calcd for C8H12Mo03: c, 38.11; H, 4.80; Mo, 38.06. 
Found: C, 37.81; H, 4.87; Mo, 38.21. IR (1350.400cm-1): 1322 (m), 1164 (m), 
1130 (w), 1100 (s), 1030 (m), 1012 (m), 967 (s), 905 (s), 888 (s), 838 (s), 812 (m), 
618 (m), 598 (m), 460 (w). m NMR (CD3CN): 56.60 (singlet, SH), 4.49 
(septet, J=6Hz, 1H), 1.21 (doublet, J=6Hz, 6H). ^C^H) (CD3CN): 8113.1 
(Cp), 82.3 (CH), 23.9 (CH3). 1 70 NMR (CD3CN): 8860 (38 Hz). 
Thermolysis of CpMo02(0-iPr). Forty milligrams of CpMo02(0-iPr) 
was loaded into a 5mm NMR tube and, in some samples, 6mg of ferrocene 
was added as an integration standard. 0.3ml of CD3CN was added by 
vacuum transfer and degassed by the freeze-pump-thaw method. Each 
tube was flame-sealed. In some experiments acetaldehyde was added by 
vacuum transfer. The temperature of the NMR spectrometer probe was 
raised to 55°C then the temperature in the probe was measured using an 
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ethylene glycol standard. The temperature of the ethylene glycol reached 
54°C within four minutes of its placement inside the probe. The ethylene 
glycol standard was replaced in the probe by the isopropoxide sample and 
spectra were obtained using 8 or 12 aquisitions with a 55s recycle time. 
The average taken over the times of each aquisition was used as the time at 
which the spectrum was obtained. Resonances in a spectrum which were 
too close together to be accurately integrated by the computer, were 
integrated by the cut and weigh method. 
Thermolysis of CpMo02(OEt). Forty milligrams of CpMo02(OEt) 
was loaded into a 5mm NMR tube. 0.3ml of CD3CN was added by vacuum 
transfer and degassed by the freeze-pump-thaw method. Each tube was 
flame-sealed. The tubes were heated in an oil bath. The reaction was 
monitored by cooling the tubes to room temperature and obtaining an NMR 
spectrum. The distribution of products was quantified by integration 
versus the residual protons of the acetonitrile solvent. 
Reaction of CpMo02(OEt) with CH3CHO. CpMo02(OEt) (20 mg) was 
loaded into a 5mm NMR tube. CD3CN (0.2 ml) and CH3CHO were added by 
vacuum transfer. The quantity of CH3CHO added was approximately 
controlled by controlling the time of vacuum transfer. The sample was 
degassed by two freeze-pump-thaw cycles. The amount of CH3CHO 
actually added was measured by integration of the 1H NMR spectrum. In 
the case where excess CH3CHO was added, the amount of CH3CHO 
already consumed before an NMR spectrum was aquired was estimated by 
integration of products in the NMR spectrum. 
Preparation of 1 7 0 enriched samples. CpMo02(OC(CH3)3) (0.20g, 0.75 
mmol; synthesized by the method used to make CpMo02(OCH(CH3)2) 
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(except substituting t-butanol for 2-propanol) and 52% 170 enriched water 
(9uL, 0.05 mmol) were combined in CH3CN (~4 ml) and stirred for 15 
minutes. Then solvent was removed in vacuo leaving the enriched 
(CpMo02)20 and a small amount of (-5% by NMR) of CpMo02(OC(CH3)3). 
Similarly, enriched CpMo02(OCH(CH3)2), CpMo02(OCH2CH3) and 
CpMo02(OCH3) were prepared by adding 110 mL of isopropanol, ethanol 
and methanol respectively to the enriched sample and removing the 
solvent in vacuo. 
C. Results and Discussion 
Synthesis. Although they have not been reported in the literature, 
complexes of the type CpMo02(OR) were expected to be isolable since 
similar compounds CpMo02X, X=C1, Br, CH3, CH2Si(CH3)3, CH2C(CH3)3 
and CH2Ph , are known. In 1964 Cousins and Green reported the 
synthesis of CpMo02Cl and (CpMo02)20 by the oxidation of a chloroform 
solution of [CpMo(CO)2]2 in air.5 More recently Legzdins, Phillips and 
Sanchez published the synthesis of CpMo02R (R=CH3, CH2Si(CH3)3, 
CH2C(CH3)3 or CH2Ph) by the oxidation of CpMo(NO)R2.6 
Several strategies for the synthesis of the title compounds were 
considered: 1) reaction of the metal halides with alcohols, alcohols in the 
presence of a base, or with alkali metal alkoxides; 2) transesterification; or 
3) reaction of molybdenum diakylamides with alcohols.7 The alkoxides 
CpMo02(OCH2CH3) and CpMo02[OCH(CH3)2] were prepared by treating 
CpMo02Br with one equivalent of l,8-bis(dimethylamino)napthalene 
(proton sponge) and a small excess of ethanol or 2-propanol. NMR 
experiments in which an excess of alcohol was added to a benzene 
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solution of (CpMo02)20 to produce a mixture of (CpMo02)20 and 
CpMo02(OR) indicated that the alkoxides could also be obtained by 
transesterification. Both of the alkoxides are moisture sensitive and they 
must be synthesized and stored under rigorously anhydrous conditions. 
The alkoxides sublimed as a pale yellow powder but upon warming to 
room temperature they irreversibly changed color to pale green. These 
powders were stored at -20°C. 
Characterization. CpMo02(OCH2CH3) and CpMo02[OCH(CH3)2] 
were characterized by IR and NMR spectroscopy. Infrared spectra of the 
ethoxide and isopropoxide complexes in Nujol mulls are shown in Figure 
2.1 b, c. The JH and ^C^H) NMR spectra of the alkoxides do not show any 
unexpected features. The chemical shifts of the CpMo02(OCH2CH3) 
ethoxide ligand (XH: 4.35,1.22 ppm; 13C: 75.7, 17.8 ppm) are quite similar 
to those of [(P309)Mo02(OCH2CH3)]2- (1H: 4.53,1.17 ppm; 13C: 74.4,17.8 
ppm)1 and Mo02(OCH2CH3)2 (py)2 ( % 4.65, 1.26 ppm)8- The chemical 
shifts of CpMo02[OCH(CH3)2] (1H: 4.49,1.21; 13C: 82.3, 23.9 ppm) are 
similar to those of other known Mo(VI) isopropoxides 
Mo02[OCH(CH3)2]2(bpy)2 (1H: 4.77,1.30 ppm)9, Mo02[OCH(CH3)2]2 ( % 
4.77,1.34 ppm)9 and [(P309)Mo02[OCH(CH3)2]]2- (1H: 4.90,1.17 ppm; 13C: 
79.5, 24.0 ppm)1-
The oxygen-17 NMR chemical shifts of several cyclopentadienyl 
alkoxides and (CpMo02)20 are shown in Figure 2.2. For comparison , 1 70 
NMR chemical shifts of other related Mo(VI) compounds are also 
presented. The values shown are for terminal oxygens except for three 
values in the lower right that are for bridging oxygens. Klemperer and 
co-workers showed that the 1 7 0 NMR chemical shifts of molybdenyl 
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Figure 2.1 Infrared spectra measured from Nujol mulls of a) CpMo02Br, 
b) CpMo02(OCH2CH3) and c) CpMo02[OCH(CH3)2]. 
27 
a) 
b) 
c) 
_i_ 
1400 1200 1000 800 600(cm ) 
28 
Figure 2.2 170 NMR spectral data of selected Mo(VI) oxo complexes 
listing chemical shifts. Values refer to terminal oxygens 
unless otherwise noted. ^Terminal oxygen on the Mo atoms 
containing two terminal oxygens. bData for bridging oxygens. 
Values marked by an asterisk are from this work. 
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oxygens which are in similar structural environments increase with 
increasing n bond order.10'11 Thus the 170 chemical shift values show that 
the molybdenum terminal oxygens of [P3OgMo02(OCH2CH3)]2' (whose 
chemical shift is expected to be very near 940 ppm, see Figure 2.2) have 
greater JC bonding than those of CpMo02(OCH2CH3) (863 ppm). The 
reduced Mo=0 % bonding in CpMo02(OCH2CH3) is a result of increased 
electron donation to the metal center from the Cp ligand substituted in 
LMo02(OR). In other words, (nS-CgHg)' is a better electron donor to 
molybdenum than is (P3Og)3'. This is not surprising given the greater 
basicity of(n5-C5H5)-(pKa=16)15 versus (P309)3- (pKa=1.7)16. The 170 NMR 
data in Figure 2.2 also show that the order of electron donation decreases 
in the expected order OC(CH3)3> OCH(CH3)2>OCH2CH3> OCH3-. 
X-ray Structure of CpMo02(OCH2CH3). Crystals of 
CpMo02(OCH2CH3) suitable for an X-ray study were obtained by 
recrystallization from a solution of ether and heptane. The crystals which 
were originally yellow became yellow/green upon warming to room 
temperature. The X-ray structural analysis was performed by Dr. Scott 
Wilson at the University of Illinois. A ball and stick drawing of the 
molecular structure revealed by this analysis is shown in Figure 2.3. The 
molecule adopts the expected piano stool geometry. The geometry around 
Mo in the Mo02(OCH2CH3) fragments of CpMo02(OCH2CH3) and 
[(P309)Mo02(OCH2CH3)]2- is similar, although the conformation of the 
alkoxide group is somewhat different. The molybdenum-oxygen bond 
distances in CpMo02(OCH2CH3) are 1.710(2)A and 1.707(2)A for the 
terminal oxygens and 1.908(2)A for the alkoxide oxygen versus 1.683(4)A, 
1.689(4)A and 1.88A in [(P309)Mo02(OCH2CH3)]2-.12 The shorter 
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Figure 2.3 A SCHAKAL drawing of CpMo02(OCH2CH3). The 
molybdenum atom is represented by a small filled circle. The 
oxygen atoms are represented by large unfilled circles. The 
carbon and hydrogen atoms are represented by large and 
small medium-shaded circles respectively. 
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molybdenum to terminal oxygen bond lengths found in 
[(P309)Mo02(OCH2CH3)]2- are in agreement with the 1 7 0 NMR values (see 
above). The Mo-O-C angle is 116.9(2)° in CpMo02(OCH2CH3) and 126.7(3)° 
in [(P309)Mo02(OCH2CH3)]2 '. Hydrogen bonding interactions were 
observed between the P-hydrogen and a terminal oxygen in both 
[(P309)Mo02(OCH2CH3)]2- andNa4[Mog024(OCH3)4]. 8CH3OH17: a C H - 0 
bond distance of 2.670A is seen in the former molecule and 2.48(4)A and 
2.49(5)A for the latter). This hydrogen bonding interaction was cited as a 
potentially important factor in the formation of acetaldehyde1 and 
formaldehyde17 respectively. The closest such interaction in 
CpMo02(OCH2CH3) was 2.85A, which is beyond the accepted limit of 2.70A 
for this type of hydrogen bond.18 
Thermolysis of CpMo02(OCH2CH3). The thermolysis of 
CpMo02(OCH2CH3) in acetonitrile was studied at 50°C and 80°C. During 
thermolysis, a dark brown precipitate formed in the NMR tube. A plot of 
the NMR data obtained from the thermolysis of CpMo02(OCH2CH3) at 50°C 
is shown in Figure 2.4 along with a representative NMR spectrum. 
Ethanol, (CpMo02)2 and CH3CHO were identified by comparison with the 
iH NMR spectrum of the pure materials in acetonitrile. Of these products 
(at both temperatures studied) ethanol occurred in the highest 
concentration followed by (CpMo02)2 (less than half the concentration of 
ethanol), and CH3CHO. Acetaldehyde was never present in a ratio to 
ethanol of greater than 1 to 4. Several unidentified resonances occurred in 
the NMR spectrum (see Figure 2.4a). The largest of these was a triplet 
around 1.65 ppm. In order to more completely account for the thermolysis 
products, the relative concentration of the species responsible for the latter 
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Figure 2.4 Thermolysis at 50°C of CpMo02(OCH2CH3) in CD3CN. 
(a) NMR spectrum acquired after 870 minutes. Twenty-seven 
percent of the starting material has decomposed. Unlabeled 
peaks are due to unidentified products. The spectrum has 
been enlarged so the peak for the Cp resonance of 
CpMo02(OCH2CH3) is off-scale. An asterisk indicates 
protonated species in the solvent. 
(b) Distribution of products as a function of time. The quantity 
of the unidentified material that appears at 1.65 ppm in the 
NMR spectrum is plotted (•) assuming that this peak is due to 
the ethoxy methyl group on a complex containing one ethoxide 
ligand. 
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resonance is plotted in Figure 2.4b assuming that this triplet arises from 
the methyl group of a mono ethoxide complex. 
Reaction of CpMo02(OCH2CH3) with CH3CHO. A subsequent NMR 
experiment showed that when acetaldehyde is added to a solution of 
CpMo02(OCH2CH3) at room temperature acetal is formed cleanly (eq 1). A 
three fold excess of CH3CHO added to an acetonitrile solution of 
2CpMo02(OCH2CH3) + CH3CHO -> (CpMo02)20 + H3CCH(OCH2CH3)2 (1) 
CpMo02(OCH2CH3) resulted in the complete disappearance of ethoxide 
resonances in the NMR spectrum in less than ten minutes. A pale green 
precipitate formed in the yellow solution. Acetaldehyde was identified by 
comparison with the 1H NMR spectrum of an authentic sample in CD3CN. 
When 0.08 molar equivalents of CH3CHO were added to CpMo02(OEt), the 
acetaldehyde was 60% consumed in six hours at room temperature while 
no ethanol was observed in the NMR spectrum. Thus it appears that the 
reaction shown in equation 1 is rapid compared with the thermal 
decomposition of CpMo02(OCH2CH3). 
Thermolysis of CpMo02[OCH(CH3)2]. To avoid the type of reaction 
shown in equation 1, the thermolysis of CpMo02[OCH(CH3)2] was studied. 
The products, plotted versus time, which resulted from the thermolysis of 
CpMo02[OCH(CH3)2] are shown in Figure 2.5. An NMR spectrum of an 
acetonitrile solution of CpMo02[OCH(CH3)2] after 75 minutes of 
thermolysis (54°C) is shown in Figure 2.5a; at this time 93% (with an 
estimated ±3% uncertainty) of the starting material is still present along 
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Figure 2.5 Thermolysis at 54°C of CpMo02[OCH(CH3)2] in CD3CN. (a) 
NMR spectrum aquired after 75 minutes, * indicates the 
carrier frequency, x indicates an unidentified product, (b) 
Distribution of products at low conversion. The quantity of the 
unidentified material that appears at 1.8 ppm in the NMR 
spectrum is plotted (*) assuming that this peak is due to the 
isopropoxy methyl groups on a complex containing one 
isopropoxide ligand. 
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with, as a percentage of starting material, 5.2% CpMo02, 2.3% acetone and 
2.2% isopropanol. The formation of organic products was confirmed by 
two methods: (i) The volatile components were vacuum distilled into 
another NMR tube, (ii) The NMR tube was opened and these components 
were identified by addition of authentic samples of acetone and 2-propanol. 
These products can be accounted for by a reaction (eq 2) in which the 
isopropoxide ligand is oxidized to acetone and the resulting Mo(IV) species 
2CpMo02[OCH(CH3)2] - ^ - ^ ( C p M o 0 2 ) 2 + H3CC(0)CH3 + H3CH(OH)CH3 (2) 
reacts with one equivalent of starting material to give an equivalent of 2-
propanol plus the Mo(V) dimer (CpMo02)2. Unfortunately, the 
thermolysis reaction of CpMo02[OCH(CH3)2] is neither simple nor clean. 
There is an induction period (see Figure 2.5b) prior to the formation of 
acetone which would not be expected if the rate limiting step of the 
thermolysis reaction was intramolecular H transfer. The reaction is not 
clean due to the presence of significant amounts of an unidentified 
material which appears in the NMR spectrum as a doublet at 1.8 ppm. 
This material did not distill in vacuo. When the NMR tube containing this 
species was opened and exposed to air, the resonance at 1.8 ppm 
disappeared. These facts suggest that the doublet at 1.8 ppm is due to a 
molybdenum isopropoxide complex. The relative concentration (compared 
to the original concentration of CpMo02[OCH(CH3)2]) of the species 
represented by the doublet at 1.8 ppm, assuming that this doublet arises 
from the methyl groups of a mono isopropoxide complex, is 1.2% (after 75 
minutes at 54°C). 
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The thermal reactivity of the CpMo02(OR) complexes can be compared 
to that of the corresponding [(P309)Mo02(OR)]2" complexes. An NMR 
study of [(P309)Mo02(OCH2CH3)]2- heated to 180°C in acetonitrile showed 
that at low conversions equal amounts of CH3CHO and CH3CH2OH are 
formed linearly with time.1 After 25 minutes about 5% of the starting 
material is decomposed. The thermolysis of [(P309)Mo02(OCH(CH3)2]2-
produces half an equivalent of isopropanol and half an equivalent of 
acetone at low conversions. 
The compounds CpMo02(OR) (R=Et, i-Pr) appear to decompose 
differently than do the compounds [(P309)Mo02(OR)]2- (R=Et, i-Pr). The 
thermolysis of CpMo02(Oi-Pr) does not show a linear formation of oxidized 
product and alcohol with a time intercept at 0 minutes (see Figure 2.5b). 
The thermolysis of CpMo02(Oi-Pr) and especially the thermolysis of 
CpMo02(OEt) were additionally complicated by the appearance of 
unassigned resonances in their NMR spectra even at low conversion. 
These factors indicate that a comparison of the thermolyses of 
CpMo02(OR) and [(P309)Mo02(OR)]2", in order to elucidate the mechanism 
of B-hydrogen transfer in [(P309)Mo02(OR)]2", is unwarranted. 
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Chapter 3 
Synthesis, Characterization and Thermolysis of Cp*Mo02(OR) 
(R=CH3,CH2CH3,CH(CH3)2) 
A. Introduction 
Thermal decomposition of surface alkoxides on a M0O3 catalyst has 
been modeled by the thermal reactivity of the homogeneous and soluble 
system, [(P309)Mo02(OR)]2- (R=CH2CH3, CH(CHs)2, CH2CHCH2)1 and 
this reactivity has been compared with the decomposition of CpMoO^(OR) 
(R=CH2CH3, CH(CH3)2). Further information regarding the mechanism 
of the partial oxidation of alcohols over M0O3 was sought by comparing the 
thermal decomposition of the above compounds with that of Cp*Mo02(OR) 
(R=Me, Et, i-Pr). When Cp is replaced by Cp* there are two primary 
differences that might cause changes in the rate of alkoxide oxidation in the 
Mo02(OR) fragment. First, Cp* is more sterically demanding than Cp, and 
second, Cp* is a better electron donor to a metal center than Cp.2 Another 
important difference between Cp* and Cp, one which is not relevant to the 
mechanism of alkoxide oxidation, is the reactivity of the ligand itself. There 
are several examples of a Cp* ligand thermally decomposing to a 
tetramethylfulvene ligand (eq 1).3 This is not surprising given the 
RH 
(1) 
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demonstrated sensitivity of the methyl groups on Cp* to deprotonation (eq 
2).3 The thermal decomposition of Cp*Mo02(OR), which occurs by a mode 
KH • 
similar to that of equation 1, is reported herein. 
B. Experimental Section 
Reagents, Solvents and General Procedures. The materials and 
procedures described in the experimental section of Chapter 2 are also 
applicable here except diethyl ether was dried by distillation from sodium 
benzophenone ketyl and transferred by Schlenk techniques. Pentane was 
distilled from sodium-potassium alloy. For isolation of the alkoxides 
pentane was vacuum transferred from t-butyl-lithium. Methanol was 
fractionally distilled from a small amount of sodium. Triethylamine 
(Aldrich) was distilled from sodium and stored over molecular sieves. 
Trimethylphosphine (Alfa) and hexamethylbenzene (Aldrich) were used 
without purification. Trimethylamine-N-oxide (Aldrich) was purified by 
sublimation (3X, 100°C, 0.015 torr). Sodium isopropoxide was prepared by 
the addition of sodium to dry isopropanol and excess isopropanol was 
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removed in vacuo (0.003 torr, 80°C). Cp*Mo(CO)2NO was prepared by the 
method of Dotz, et al.5 
Analytical Procedures. These are the same as those in Chapter 2 and 
in addition field desorption mass spectra were obtained by the University of 
Illinois School of Chemical Sciences Mass Spectroscopy Laboratory. 
Thermolyses. Forty milligrams of an alkoxide sample and 6mg of 
hexamethylbenzene (the NMR integration standard) were loaded into a 
5mm NMR tube. 0.3ml CD3CN was added by vacuum transfer and 
degassed by the freeze-pump-thaw method. The tubes were flame-sealed. 
The tubes were simultaneously placed in an oil bath at 80°C. The progress 
of the reactions was monitored by removing the tubes from the oil bath to 
obtain a proton NMR spectrum. The Temperature of the spectrometer probe 
was set to 40°C to insure that the hexamethylbenzene was completely 
dissolved. Thermolysis of the ethoxide was also carried out using 25 mg of 
Cp*Mo02(OEt), and otherwise identical conditions. 
The disappearance of starting material and the appearance of 
products were quantified from the NMR spectra by using 
hexamethylbenzene (HMB) as an internal standard. The mole fraction of a 
species in solution was calculated by dividing the integrated intensity of an 
NMR peak by the number of protons represented by that peak and this value 
was then divided by the integrated intensity of the HMB resonance, the 
value thus obtained was converted to mole fraction by dividing it by the 
analogously obtained value of the starting material prior to heating. 
Resonances in a spectrum which were too close together to be accurately 
integrated by the computer, were integrated by the cut and weigh method. 
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Tetramethylfulvene was identified by its NMR chemical shifts and 
integrated intensites, which matched those published in the literature.^0 
The alcohol was identified by comparison with a NMR spectrum of the pure 
alcohol in CD3CN. 
Preparation of 1 7 0 enriched samples. (Cp*Mo02)20 (2.3g, 4.2 mmol) 
and 52% 1 7 0 enriched water (90uL, 5.0 mmol) in CH3CN (120ml) were 
stirred for 14 hours and the solvent was removed in vacuo. The 1?0 
enriched organometallic precursors were used to prepare the enriched 
(Cp*Mo02)2, Cp*Mo02Br and Cp*Mo02(OCH(CH3)2) sucessively, as 
described elsewhere in this experimental section. 
Preparation of 1 8 0 enriched samples. (Cp*Mo02)20 (l.Og, 1.8 mmol) 
and 95.7% 1 8 0 enriched water (0.1 ml, 5.5 mmol) in acetonitrile (80 ml) 
were stirred for 12 hours and then the solvent was removed in vacuo. The 
partially IBg enriched (Cp*Mo02)20 (70 mg, 0.13 mmol) was combined with 
95.7% 18o enriched water (0.05 ml, 2.8 mmol) in acetonitrile (20 ml) and 
then stirred for 10 hours and again the solvent was removed in vacuo. New 
IR bands (cm"1): 897 (partially enriched), 865, 843, 725. 
A solution of (Cp*Mo02)2 (0.10g, 0.19 mmol) and 95.7% 1 8 0 enriched 
water (0.1 ml, 5.5 mmol) in acetonitrile (18 ml) were heated to 65°C and 
stirred for 12 hours. The solvent was removed in vacuo to give the partially 
enriched (Cp*Mo02)2- New IR bands (cm'l): 912, 857, 846. 
Synthesis of (Cp*Mo02)20. Cp*Mo(CO)2(NO) (13.2g, 42 mmol) and 
dry MesNO (22.0g, 319 mmol) were combined with 600ml toluene. Initially 
the flask was cooled to 0°C to prevent a too vigorous evolution of gas. This 
mixture was stirred at 55°C for 10 hours and then cooled to 0°C. The 
supernatant was filtered off. To the remaining pale yellow solid was added 
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300ml H2O. After being stirred for 2 hours in air the mixture was extracted 
with 800ml toluene and then the toluene extract was washed with 3x400ml 
H2O. The toluene was removed by rotary evaporation. The resulting solid 
was recrystallized from toluene (90ml) and pentane (120ml) at -20°C (2.2g) 
and then at -78°C (2.0g). The supernatant from the original reaction 
mixture was washed with 3x 100ml 10% aqueous HC1 and once with H2O 
(100ml). The toluene was removed by rotary evaporation and the remaining 
solid washed with 3x50ml petroleum ether yielding 3.25g of product. The 
net yield was 7.45g (60%). Anal. Calcd for C20H30M02O5: C, 44.31; H, 5.58, 
Mo, 35.40. Found: C, 44.32, H, 5.54, Mo 35.25. IR(cm'l): 1036(w), 961(w), 
911(s), 880(s), 763 (s,br), 625 (m), 554(w), 438(w,sh), 410(w,sh). ^ NMR 
(CD3CN): 81.97. 13c NMR (d^-toluene): 8120.7 (Cp*, C), 10.3 (Cp*, CH3). 
The field desorption mass spectrum showed a parent ion at m/e 548. 
Synthesis of (Cp*Mo02>2. (Cp*Mo02)2 was prepared by a 
modification of the method used by Bunker and Green to prepare 
(CpMo02)2 from (CpMo02)20. A solution of (Cp*MoO2)2° (5.4g, 1.0 mmol) 
and PMe3 (3.7 ml, 35 mmol) in toluene (420ml) was refluxed for 4.5 hours, 
cooled, and the solvent was removed in vacuo. PMesO was removed from 
the solid by sublimation (50°C, .0015 torr) onto a water-cooled cold finger. 
The product was recrystallized from 220ml of toluene (100°C down to -78°C) 
to give orange prismatic crystals (3.94g, 76%). Anal. Calcd for 
C20H30M02O4: C, 45.67; H, 5.71; Mo, 36.48. Found: C, 45.79; H, 5.80; Mo, 
36.28. IR(cm-l): 1164(m), 1073(w), 1028(m), 962(w), 918(s), 807(w), 718(s), 
553(w), 464(s), 443(w), 378(m). lH NMR (CDCI3): 82.00. 1?0 NMR (CD3CN): 
8920 (68Hz), 8506 (86Hz). The field desorption mass spectrum showed a 
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parent ion at m/e 530. X-ray analysis showed that the cell parameters 
matched those in the report of Arzoumanian et al.3 
Synthesis of Cp*Mo02Br. Cp*Mo02Br was prepared by a 
modification of the method used by Bunker and Green to prepare 
CpMo02Br. A 1% Br2 in CH2CI2 solution (25.0ml, 4.4 mmol) was added 
dropwise to a stirred solution of (Cp*Mo02)2 (2.30g, 4.4 mmol) in CH2CI2 
(150ml). After the addition was complete (~5 min) the solution was stirred 
for 1 hour. Then the solvent was removed in vacuo. The resulting solid 
was dissolved in 170ml hot ether and the solution was filtered. The solution 
was concentrated in vacuo until crystals began to form, then stored 
overnight at -20°C. Solvent was decanted off leaving 2.79g (93% yield) of 
crude product. The above method of recrystallization was repeated with 
150ml hot ether, resulting in 2.21g (74% yield) of short orange rod-shaped 
crystals. Anal. Calcd for Cl()Hi5Mo02Br: C, 35.01; H, 4.41; Mo 27.97; Br, 
23.29. Found: C, 35.08; H, 4.43; Mo, 27.87; Br 23.25. IR (cm"1): 1162(m), 
1023(m), 913(s), 882(s), 808(m), 452(w), 398(w,sh). *H NMR (CD3CN): 8 2.10. 
Synthesis of Cp*Mo02(OCH3). (Cp*MoO2)2° (1.2g, 2.2 mmol) in a 
solution of toluene (30ml) and methanol (30ml) was stirred for 45 minutes 
and then the solvent was removed in vacuo at 25°C. This procedure was 
repeated and the resulting solid was sublimed (60°C, 0.003 torr) 3 times to 
yield the pure alkoxide (0.20g, 31%). Anal. Calcd for CnHigMoOs; C, 
44.93; H, 6.17; Mo, 32.63. Found: C, 44.79; H, 6.11; Mo, 32.49. IR (cm'1): %H 
NMR (CD3CN): 84.11 (singlet, 3H), 1.98 (singlet, 15H). 13c(lH) NMR 
(CD3CN): 8121.9 (Cp*, C), 68.2 (methoxy, CH3), 10.8 (Cp*, CH3). 
Synthesis of Cp*Mo02(OCH2CH3), Method 1. Triethylamine (0.45ml, 
6.3 mmol) was added to a solution of Cp*Mo02Br (2.16g, 6.3 mmol) in 
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toluene (130ml) at -78°C. Ethanol (1.2ml, 21 mmol) was added and the 
solution was stirred for one hour at -78°C and then warmed gradually (-30 
min) to 0°C and stirred another hour at this temperature. The solution was 
filtered and the solvent was removed in vacuo. The solid was extracted with 
heptane (120ml); after filtration the volume of the solution was reduced to 
80ml in vacuo and the solution was cooled to -10°C overnight. The resulting 
crystals were collected and recrystallized from heptane (90ml to 70ml) as 
above five more times. Some of the resulting yellow crystals were submitted 
for X-ray structural analysis, and the rest were sublimed (60°C, 0.003 torr) 
to yield the pure product (50mg, 3%). 
Method 2. (Cp*Mo02)20 (l.Og, 1.8 mmol) was dissolved in a mixture 
of toluene (30ml) and ethanol (30ml) and stirred for 45 minutes. The solvent 
was removed in vacuo. The above treatment was repeated once more. The 
product was sublimed (60°C, 0.001 torr) twice to give 0.54g (48%) of crude 
material. The crude material (0.48g) was dissolved in heptane (50ml), and 
the solution was filtered, reduced in volume to 25ml, and cooled to -10°C 
overnight, and then to -78°C for one hour. The supernatant was removed 
cold. The yellow crystals were recrystallized again from heptane (45ml 
down to 10ml) and cooled to -10°C overnight. The crystals were collected 
and sublimed (60°C, 0.001 torr) to give the pure compound (0.34 g, 30%). 
Anal. Calcd for C12H35M0O3: C, 46.76; H, 6.54; Mo, 31.13. Found: C, 46.53; 
H, 6.51; Mo, 31.07/ IR (cm"1): 1150(w), 1085(m), 1035(s,br), 919(s), 893(s), 
808(w), 730(w), 577(m). lH NMR (d8-toluene): 84.23 (quartet, J=6.9 Hz, 2H), 
1.761 (singlet, 15H), 1.12 (triplet, J=6.9 Hz, 3H). 13C{lH} NMR (d^-toluene): 
8120.6 (Cp* C), 74.8 (ethoxy, CH2), 17.8 (ethoxy, CH3), 10.4 (Cp*, CH3). 
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Synthesis of Cp*Mo02(OCH(CH3>2). Cp*Mo02Br (0.96g, 2.8 mmol) 
and Na(OCH(CH3)2) (0.23g, 2.8 mmol were combined with toluene (100ml) 
and stirred at 0°C for 2 hours. To insure complete precipitation (before each 
filtration) the mixture was cooled to -78°C, then warmed to 0°C and filtered. 
The solvent was removed in vacuo. The residue was extracted with pentane 
(130ml), and the extract was filtered, and taken to dryness in vacuo. The 
solid was again dissolved in pentane (80ml), and the solution was filtered, 
and concentrated to 45ml in vacuo, and cooled to -78°C overnight. The cold 
supernatant was filtered off. The recovered powder was sublimed (60°C, 
0.003 torr) twice to give the bright yellow product (0.45g, 50%). Anal. Calcd 
for C13H22M0O3: C, 48.45; H, 6.88; Mo, 29.77. Found: C, 48.64; H, 7.05; Mo, 
29.61. IR (cm"1): 1167(w), 1106(m), 956(s), 911(s), 889(s), 844(m), 640(w), 
617(w), 448(w), 395(w,sh). *H NMR (CD3CN): 84.32 (septet, J=6.0 H2, % 
1.97 (singlet, 15H), 1.15 (doublet, J=6.0 Hz, 6H). 13c NMR (CD3CN): 8121.9 
(Cp*,C), 79.7 (isopropoxy, CH), 24.4 (isopropoxy, CH3) 10.9 (Cp*, CH3). 
Product of Cp*MoO2(OE0 thermolysis; Synthesis of [Cp*M02O4(OEt)l2. 
The thermolysis of a solution of 25 mg of Cp*Mo02(OEt) in CD3CN was 
discontinued after it was 75% complete (14 hours). The NMR tube was 
cracked open under an Ar atmoshere, the orange-yellow solution was 
decanted and the remaining orange-yellow, columnar crystals were 
collected. A few crystals were submitted for a single crystal X-ray structure 
determination. IR (cm'l): 1165 (w, br), 1097 (w), 1033 (m, sh), 1016 (m), 988 
(s), 919(s), 887 (m), 743 (m), 725 (m), 599 (m), 493 (m). 
Product of Cp*Mo02(OiPr) thermolysis. The procedure used to isolate 
the Cp*Mo02(OEt) thermolysis product was also used to isolate the orange 
crystals resulting from the thermolysis of Cp*Mo02(OiPr). IR (cm"1): 1177 
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(w), 1163 (w), 1153 (w), 1108 (m), 972 (s), 915 (s), 821 (m), 742 (m), 726 (m), 646 
(m), 487 (m). 
C. Results and Discussion 
Synthesis. Two routes were used to synthesize the alkoxides 
Cp*Mo02(OR). Cp*Mo02(OCH2CH3) and Cp*Mo02[OCH(CHs)2] were first 
prepared by the reaction of Cp*Mo02Br with NaOEt and NaOi-Pr 
respectively. The analogous reaction with NaOMe did not yield pure 
Cp*Mo02(OCH3). It was later discovered that the compounds 
Cp*Mo02(OR) could more easily be synthesized by the reaction of 
(Cp*Mo02)20 with a large excess of the appropriate alcohol. Crude 
Cp*Mo02(OR) was purified by multiple recrystallizations from heptane 
followed by at least two sublimations. In the purification of Cp*Mo02(OMe) 
the heptane recrystallizations were omitted. 
The synthesis of the Cp*Mo02(OR) compounds required the synthesis 
of the precursors (Cp*Mo02)20 and Cp*Mo02Br. It was also necessary to 
synthesize (Cp*Mo02)2 as a precursor to Cp*Mo02Br. Literature 
preparations for (Cp*Mo02)207 and (Cp*Mo02)2^ were known, however the 
published yields were unsatisfactory. In this study, (Cp*Mo02)20 was 
conveniently prepared on a multigram scale by the reaction of 
Cp*Mo(C02)2NO with MesNO in warm toluene. While this work was in 
progress, three other groups reported the synthesis of (Cp*Mo02)208 and 
one of these8a reported a similarly high yielding preparation. (Cp*Mo02)2 
was prepared in good yield from the reaction of (Cp*Mo02)20 with excess 
PMe3 in refluxing toluene. Then, using the method of Bunker and Green^ 
developed in the analogous Cp system, (Cp*Mo02 )2 was treated with one 
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equivalent of Br2 to produce Cp*Mo02Br. In contrast to earlier reports83, 
Cp*Mo02Br was found to be a mildly air sensitive material which could be 
stored at room temperature under N2 for months without noticeably 
decomposing. 
Characterization. Infrared spectra of Cp*Mo02(OR) (R=Me, Et, i-Pr), 
Cp*Mo02Br and (Cp*Mo02)20 (see Figure 3.1) show two strong IR bands 
around 910 cm"l and 890 cm'l which are characteristic of the M0O2 
symmetric and antisymmetric stretch. All three of the alkoxide compounds 
were characterized by *H NMR and 1 3C NMR, and Cp*Mo02[OCH(CH3)2] 
was also characterized by 1 7 0 NMR. The ^H and 1 3 C NMR data for the 
alkoxide ligands of these compounds are very similar to that of the 
analogous CpMo02(OR) and [(P30g)Mo02(OR)]2* compounds. The methoxy 
group of Cp*Mo02(OCH2CH3) has %H and *3C NMR chemical shifts at 4.11 
ppm and 68.2 ppm vs. shifts of 4.29 ppm and 66.8 ppm in 
[(P309)Mo02(OMe)]2-. The 1?0 NMR chemical shift of the terminal 
oxygens of Cp*Mo02[OCH(CH3)2] (829 ppm, see figure 2.2) is lower than the 
chemical shifts of the terminal molybdenum oxygens in either 
CpMo02[OCH(CH3)2l (860 ppm) or [(P30g)Mo02(OR)]2- (927 ppm), 
indicating that (Cp*)" is a better n electron donor than is (Cp)- or (PsOg)3-. 
These shifts indicate, as explained in the discussion section of Chapter 2, 
that the order of electron donation from the ligand L to the metal in 
LMo02(OR), from most donation to least, is L= (Cp*)- > (Cp)- > (P30g)3-. 
Oxygen exchange studies using (Cp*Mo02)20 and (Cp*Mo02)2 were 
conducted in wet acetonitrile solutions. IR data for the nonenriched 
(Cp*Mo02)20 and the method of Cotton and WinglO were used to calculate 
the force constants for the Mo=0 bonds in (Cp*Mo02)20. These force 
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Figure 3.1 Infrared spectra measured from Nujol mulls of a) 
(Cp*Mo02)20, b) Cp*Mo02Br, c) Cp*Mo02(OCH3), 
d) Cp*Mo02(OCH2CH3), e) Cp*Mo02[OCH(CH3)2]. 
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constants were then used to calculate the expected positions for the 1 8 0 
enriched Mo=0 stretching absorbances of (Cp*Mo02)20 which predicted 
values of 865 cm -1 and 839 cm"1. Experimentally these values were found to 
be 865 cm"1 and 843 cm"1. The Mo-O-Mo asymmetric stretch1^ was shifted 
from 763 cm'1 to 725 cm"1. Thus it was shown that all the oxygen sites in 
(Cp*Mo02)20 were exchanged in room temperature enrichment. The IR 
spectrum of the Mo(V) oxo dimer, (Cp*Mo02)2» did not show any 
enrichment under the same conditions. The appearance of new IR bands 
in the region from 800 to 950 cm'1 indicated that enrichment at 65°C 
resulted in the exchange of the terminal oxygens in (Cp*Mo02)2» but the IR 
band at 718 cm"1 was unaffected indicating that the bridging oxygens 
remained unexchanged.11 
X-ray structure of Cp*Mo02(OCH2CH3>. Block-shaped yellow crystals 
of Cp*Mo02(OCH2CH3) suitable for an X-ray study were obtained by 
recrystallization from heptane. The X-ray structural analysis was 
performed by Dr. Scott Wilson at the University of Illinois. A ball and stick 
drawing of the molecular structure revealed by this analysis is shown in 
Figure 3.2. The molecule adopts the expected piano stool geometry. The 
Mo-0 bond lengths in Cp*Mo02(OCH2CH3) (1.694(6)A, 1.723(5)A and 
1.917(5)A) and CpMo02(OCH2CH3) (1.710(2)A, 1.707(2)A and 1.908(2)A) are 
identical within three estimated deviations and the O-Mo-0 bond angles 
(106.4(3)° between the terminal oxygens and 106.4(2)° and 105.5(2)° 
compared with 104.98(9)°, 104.19(8)° and 104.38(8)° in CpMo02(OCH2CHs)) 
are within 2° between the two compounds. The Mo-O-C angle is 120.7(4)° in 
Cp*Mo02(OCH2CH3) and 116.9(2)0 in CpMo02(OCH2CH3). No hydrogen 
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Figure 3.2 A SCHAKAL drawing of Cp*Mo02(OCH2CH3). The 
molybdenum atom is represented by a small, filled circle. 
The oxygen atoms are represented by large, unfilled 
circles. The carbon and hydrogen atoms are medium-
shaded circles respectively. 
57 
&aw 
58 
Thermolysis. The thermolysis at 80°C of an acetonitrile solution of 
Cp*Mo02(OEt) was monitored by !H NMR spectroscopy (see Figure 3.3). 
The NMR data showed that for every two equivalents of Cp*Mo02(OEt) 
consumed, an equivalent each of tetramethylfulvene and ethanol were 
formed. An X-ray structural analysis (discussed in the following section) of 
yellow crystals which precipitated from solution during thermolysis 
revealed the fate of the remaining organometallic fragments. The results 
of these studies are summarized in equation 3. 
80°C 
2Cp*MoQ>(OEt) » - CH3CH2OH + 
0 
-Q^Mo^p—Mo; 
+ 1/2 ^ 0 < ^ M O ^ ° 
O (3) 
Proton NMR spectroscopy of the thermolyses of Cp*Mo02(OMe) (see 
Figure 3.4) and Cp*Mo02(0-i-Pr) (see Figure 3.5) also showed that an 
equivalent each of tetramethylfulvene and alcohol were formed for every 
two equivalents of starting material consumed. Cp*Mo02(OMe) 
decomposed to give a green powder in additon to some yellow crystals. 
After about 20% of the starting material, Cp*Mo02(OR) (R=Me, Et, i-
Pr), decomposed, the quantities of tetramethylfulvene and alcohol observed 
were too low to completely account for the amount of starting material that 
was consumed by the reaction shown in equation 3. After about 20% 
decomposition, a very broad 1H NMR peak around 10.5 ppm appeared in 
the spectra of the thermolyses of Cp*Mo02(OEt) and Cp*Mo02(0-i-Pr). 
NMR spectra of the thermolysis of Cp*Mo02(OMe) contained very broad 
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Figure 3.3 Thermolysis at 80°C of Cp*Mo02(OCH2CH3) in CD3CN. 
(a) 300 MHz 1H NMR spectrum of a 0.27 M solution of 
Cp*Mo02(OEt) after heating for 840 minutes. The sample 
also contains hexamethylbenzene (HMB) as an integration 
standard and tetramethylsilane (TMS) as a chemical shift 
reference, indicates protonated species in the solvent and x 
indicates (Cp*Mo02)20 impurity in the starting material. 
(b) Plot of species in solution vs. time, relative to the 
concentration of Cp*Mo02(OCH2CH3) at t=0. 
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Figure 3.4 Thermolysis at 80°C of Cp*Mo02(OCH3) in CD3CN. 
(a) 300 MHz % NMR spectrum of a 0.43 M solution of 
Cp*Mo02(OMe) after heating for 400 minutes. The sample also 
contains hexamethylbenzene (HMB) as an integration 
standard. * indicates the solvent and x indicates (Cp*Mo02)20 
impurity in the starting material, (b) Plot of species in solution 
vs. time, relative to concentration of Cp*Mo02(OCH3) at t=0. 
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Figure 3.5 Thermolysis at 80°C of Cp*Mo02[OCH(CH3)2] in CD3CN. 
(a) 300 MHz XH NMR spectrum of a 0.43 M solution of 
Cp*Mo02(Oi-Pr) after heating for 2900 minutes. The sample 
also contains hexamethylbenzene (HMB) as an integration 
standard. * indicates the solvent and x indicates (Cp*Mo02)20 
impurity in the starting material, (b) Plot of species in solution 
vs. time, relative to concentration of Cp*Mo02[OCH(CH3)2] at 
t=0. 
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peaks around 10.0 ppm, 7.1 ppm and between 4.3 and 5.2 ppm. No linear 
relationship between the intensities of the broad peaks and the 
decompostion of starting material was observed. The intensities of the 
broad peaks occurring as a result of the thermolysis of Cp*Mo02(OMe) 
were not correlated with each other. 
The compounds Cp*Mo02(OR) (R=Me, Et, i-Pr) decomposed more 
slowly than the cyclopentadienyl derivatives, CpMo02(OR) (R=Et, i-Pr), did 
under the same conditions (55°C in CD3CN). At higher temperatures 
(80°C) however, the Cp* compounds decomposed at rates which were more 
convenient to study. Similar rates for the thermolysis of CpMo02(OEt) were 
observed in CeDg and in CD3CN. The rates of decomposition (measured in 
an experiment in which the NMR sample tubes were simultaneously 
submerged in the same oil bath) for different alkyl groups, R, decreased in 
the order Me > Et > i-Pr (see Figure 3.6). 
IR spectra were obtained of the yellow crystals that formed from the 
thermolyses of Cp*Mo02(OEt) and Cp*Mo02(0-i-Pr) (see Figure 3.7). The 
similarities of the NMR data for the thermolyses of Cp*Mo02(OEt) and 
Cp*Mo02(0-i-Pr) along with the similarities in the IR spectra of the 
insoluble products formed in these thermolyses suggest that, except for a 
change of the alkoxide ligands, the organometallic products of the 
thermolyses of Cp*Mo02(OEt) and Cp*Mo02(0-i-Pr) are isostructural. 
X-ray structure of [Cp*Mo204(OCH2CH3)]2. Yellow, rod-shaped 
crystals formed at 80°C from a solution of Cp*Mo02(OEt) in CD3CN. The 
X-ray analysis of one of these crystals (see Figures 3.8 and 3.9) revealed a 
centrosymmetric molecule containing four Mo atoms. Selected bond 
distances and angles are given in Table 1. The structure can be viewed as 
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Figure 3.6 Thermal decomposition of Cp*Mo02(OR) (R=Me( • ) , Et(A), i-
Pr(0) at 80°C in CD3CN. 
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Figure 3.7 Infrared spectra measured from Nujol mulls of the 
insoluble products from the thermolysis of 
a) Cp*Mo02(OCH2CH3), b) Cp*Mo02[OCH(CH3)2]. 
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Figure 3.8 An ORTEP view of [Cp*Mo204(OCH2CH3)]2 using 35% 
probability ellipsoids giving the atom-numbering scheme used 
in Table 3.1. 
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Figure 3.9 A SCHAKAL drawing of [Cp*Mo204(OCH2CH3)]2. The 
molybdenum atom is represented by a small, filled circle. 
The oxygen atoms are represented by large, unfilled 
circles. The carbon and hydrogen atoms are medium-
shaded circles respectively. 
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Table 3.1 
Selected Bond Distances (A) and Bond Angles (°) in 
[Cp*Mo204(OCH2CH3)]2.a 
Mol - Mo2 
Mol - 02 
Mo2-04 
Mo2 - 02 
Mo2 - 05 
05 - C l l 
Mol - 03 
Mo2 - 0 1 
Mo2- 05' 
2.5776(9) 
1.932(4) 
1.673(5) 
1.920(5) 
2.070(5) 
1.448(9) 
1.697(5) 
1.929(4) 
2.053(5) 
Ol-Mo2-05* 
O2-Mo2-05* 
O5-Mo2-05' 
O4-Mo2-05 
Ol-Mo2-05 
O2-Mo2-05 
Mol-02-Mo2 
85.0(2) 
137.2(2) 
71.3(2) 
106.5(2) 
141.0(2) 
84.9(2) 
84.0(2) 
aThe numbering scheme refers to the ORTEP view of 
[Cp*Mo204(OCH2CH3)]2 shown in Figure 3.8. 
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containing two of the well known (Mo20^)2+ units which are connected by 
bridging alkoxide groups. The bond lengths indicate that there is a Mo-Mo 
single bond (2.5776(9) A) in the (Mo204)4+ units and no Mo-Mo bond 
(3.3508(8) A) between these units. The Mo40s(OR)2 portion of this molecule 
is almost identical with that of MogO io(0-i-Pr) 12.9 The geometry around 
the Cp*Mo terminal groups is almost identical with that of (Cp*Mo02)2-*> 
Conclusion. The hydrogen atoms on the Cp* ligand of Cp*Mo02(OR) 
(R=Me, Et, i-Pr) are more thermally reactive than are the B-hydrogens on 
the alkoxide ligand. The thermal decomposition of Cp*Mo02(OR) occurred 
at much lower temperatures (about 80°C) than did the decomposition of 
[(P309)Mo02(OR)]2- (about 180°C). The products observed from the thermal 
decomposition of these two sets of compounds (alcohol and 
tetramethylfulvene in the former and alcohol and aldehyde or ketone in the 
latter) clearly show that different mechanisms are involved in their 
decompostions. The observation that the alkoxide ligand was oxidized at 
50°C in CpMo02(OR) (R=Et, i-Pr) demonstrated that the alkoxide 13-
hydrogens in CpMo02(OR) (R=Et, i-Pr) are more thermally reactive than 
those in Cp*Mo02(OR) (R=Me, Et, i-Pr). Major incongruities were observed 
(see Chapter 2) between the evolution of organic products in the thermal 
decomposition of CpMo02(OR) and [(P309)Mo02(OR)]2-. Since neither the 
thermal decomposition of CpMo02(OR) or Cp*Mo02(OR) are comparable to 
the thermal decomposition of [(P3Og)Mo02(OR)]2-, no new mechanistic 
interpretations regarding the oxidation of alcohols over Mo03 can be made 
using the results of this study. 
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Chapter 4 
Structural Characterization of Polysilicate Intermediates 
Formed During Sol-Gel Polymerization 
A. Introduction 
The synthesis of silica by sol-gel polymerization (eq 1) is a promising 
Si(OR)4 + 2H20 -» Si02 + 4ROH (1) 
technique for the preparation of glass coatings or for applications where 
conventional high temperature processing is undesirable.1 Silica sol-gel 
polymerization proceeds by silicate ester hydrolysis (eq 2) and condensation 
(eq 3).2 The hydrolysis and condensation reactions initially produce 
I I 
•Si-OR + H20 »- -S i -OH + ROH 
I I (2) 
I I I I 
-S i -OH + -S i -OR »- - S i - O - S i - + ROH 
I I I I (3) 
polysilicic acids and esters and eventually extended oxide structures. On a 
macromolecular scale the reaction mixture transforms from a solution to a 
colloidal suspension of particles (a sol) a then to a colloidal state in which 
the particles are joined together to form a three dimensional network (a 
gel). 
To understand more about the process of sol-gel polymerization, 
Klemperer and Ramamurthi examined the molecular growth pathways 
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operating in the hydrolysis and condensation of tetramethylorthosilicate.3 
This study required the quantitative identification of the silicate ester 
oligomers [SinOm](OR)4n.2m» R=H or CH3, which were present in the 
solution during sol-gel polymerization. Ramamurthi used gas 
chromatography followed by mass spectrometry (GC/MS) (see Figure 4.1) 
and 29Si NMR (see Figure 4.2) to characterize a solution of 
tetramethylorthosilicate in methanol that was treated with 0.6 equivalents 
of water and a catalytic amount of HC1 for five days (the standard silicate 
solution).4 The GC/MS study provided molecular formulas for mono-
through hexasilicate esters, but the NMR spectrum proved to be too 
complex to allow a structural analysis of these species. Therefore complex 
sol-gel mixtures were fractionated by distillation into several simpler 
samples, each composed of polysilicate species of similar molecular weight 
(see Table 4.1).4 This chapter describes how 29Si NMR was used to identify 
and quantify the mono- through hexasilicate structures that were present 
in each of the GC peaks of Figure 4.1. By comparing the concentration of 
each species found by NMR spectroscopy with the relative intensity of the 
GC peaks, response factors were calculated for use in the quantitative 
analysis of data from gas chromatography.4 
Silicon-29 NMR spectroscopy is a highly informative technique for the 
analysis of silicates. Silicon-29 is a spin one-half nucleus occurring in 4.7% 
natural isotopic abundance and having about twice the receptivity of 
natural abundance 13C.5 Silicon-29 experiments are however hampered by 
long Ti relaxation times and a negative nuclear Overhauser effect (NOE) in 
proton decoupled 29Si spectral The 29Si Ti of TMOS, for example, is about 
70 seconds.7 Both of these difficulties can be overcome by the addition of a 
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Figure 4.1 Gas chromatogram of Si(OCH3)4 after 
hydrolysis/condensation. The arrows indicate hydroxylated 
species and the asterisk indicates an impurity in the 
tetramethylorthosilicate. 
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Gas Chromatogram of 
Si(0Me)4(3M) + H20(1.8M) + MeOH(14M) 
+ HCK0.05M) 5 d 0 y S . SixOv(OMe)Q(OH)h 
10 
retention time (min) 
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Table 4.1: Polysilicate Samples Isolated by Distillations.4 
Group Sample Name Sample Composition 
{ A [Si20](OCH3)6 B [Si302](OCH3)8 
C [Si302](OCH3)g + 
[Si404](OCH3)g + 
i i 1 [Si403](OCH3)io 
D [Si403](OCH3)io 
E [Si403](OCH3)io + 
[Si5O5](OCH3)10 + 
iii < [Si504](OCH3)i2 
F [Si504](0CH3)i2 
G [Si504](0CH3)i2 + 
[Si606](0CH3)i2 + 
[Si605](0CH3)i4 
iv ^ H [Si504](0CH3)i2 + 
[Si606](0CH3)i2 + 
[Si605](0CH3)M 
I [Si605](OCH3)i4 
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Figure 4.2 59.6 MHz ^Si^H} FTNMR spectrum of the sample described 
in Figure 4.1. The spectrum was obtained from 284 transients 
using a 15.6 sec recycle time, a) The full scale spectrum, b) A 
plot of the Q1 region, c) A plot of the Q2 region, d) A plot of the 
Q3 region. The ball and stick structures represent the silicate 
backbone wherein each ball represents a Si atom and the 
interconnecting sticks represent bridging oxygens. The open 
circles indicate which Si atom within each structure is 
responsible for a particular peak. These assignments were 
made possible only after the analysis of the distilled samples 
as discussed in the results section of this report. 
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paramagnetic species such as tris(acetylacetonato)chromium (Cr(acac)3) 
which can reduce the Ti relaxation time down to about two seconds and 
suppress the negative NOE.6 
Silicon-29 NMR studies of numerous polysilicate systems have shown 
that for silicates with the same type of terminal ligands X in [SinOnJX^. 
2 m , the NMR spectrum may be divided into five regions.8 These five 
regions, labeled Q° - Q4, refer to the chemical shift range for silicon centers 
(Qn) linked to n other silicon centers by direct Si-O-Si linkages. The Qn 
regions for the silicate methyl esters, which were identified by Marsmann9, 
are shown below the chemical shift scale in Figure 4.2. These 
characteristic regions are useful for deducing structures from the 29Si 
NMR spectra of acyclic and slightly strained cyclic polysilicate species. The 
NMR spectra of structures which contain the highly strained cyclic units 
l 1 0 or 2 1 1 show chemical shifts at higher frequencies than the Qn region in 
X 
^siC0-sr 
i 
which they are expected. 
The easily observed coupling that occurs between nearest neighbor Si 
atoms linked in Si-O-Si bonds makes polysilicates ideal candidates for study 
by 29Si INADEQUATE (Incredible Natural Abundance Double Quantum 
Transfer Experiment) NMR spectroscopy. The 29Si INADEQUATE pulse 
sequence selectively suppresses those 29Si resonances which are not 
\ n / 
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coupled. The INADEQUATE experiment and the two dimensional 
INADEQUATE experiment, which separates coupled resonances in the 
secound dimension according to their double quantum frequency, are 
discussed in more detail in other sources.12"15 
B. Experimental Section 
Nuclear Magnetic Resonance Spectroscopy. Spectra were recorded 
at 25.0°C with a General Electric GN-300NB (29Si, 60MHz) Spectrometer 
using a 10mm multinuclear probe or at 25.0°C with a General Electric GN-
500 (29Si, 99.3 MHz) spectrometer using a 10mm multinuclear probe. The 
90° pulse width was 25ms on the GN-300 and 33ms on the GN-500 
spectrometer. Broad band 1H decoupling using the MLEV 64 pulse 
sequence was used in every acquisition. The linewidths at half height were 
1.5 Hz for the unfractionated solution and 0.5 to 0.8 Hz for all other samples. 
Ti's were measured for each sample using the T% inversion recovery 
experiment and were found to be between two and four seconds for each 
sample. The spectra used for integration were acquired using a 90° pulse 
and a recycle time of 5Ti. For the GC response factor calculations, the 
NMR peaks were integrated by the cut and weigh method. For the 
structural assignments, where a 10% integration error was acceptable, the 
NMR peaks were integrated either using the spectrometer integration 
program or using a peak deconvolution program. 
The pulse sequence used for the 2D INADEQUATE experiments was 
(-recycle time - %/2(A) - x - %(B) - x - %/2(C) - ti - 3TC/4(D) - acquire(E) -) where 
A, B, C, D and E represent the phase cycling of the radio-frequency pulses 
and receiver: 
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A: ((x)*4(y)*4(-x)*4(-y)*4(-x)*4(-y)*4(x)*4(y)*4)*4 
B: (y)*4(-x)*4(-y)*4(x)*4(y)*4(-x)*4(-y)*4(x)*4(-x)*4(-y)*4(x)*4(y)*4(-x)*4 
(-y)*4(x)*4(y)*4(-y)*4(x)*4(y)*4(-x)*4(-y)*4(x)*4(y)*4(-x)*4(x)*4(y)*4(-x)*4 
(-y)*4(x)*4(y)*4(-x)*4(-y)*4 
C: ((x)*4(y)*4(-x)*4(-y)*4)*8 
D: ((x)(y)(-x)(-y)(y)(-x)(-yXx)(-x)(-yXxX-yXyXx)(y)(-x))*4 
E: ((x)(-y)(-x)(y)(y)(x)(-y)(-x)(-x)(y)(x)(-y)(-y)(-x)(yXx)((-x)(y)(x)(-y)(-y)(-x)(y)(x) 
(x)(-y)(-x)(y)(y)(x)(-y)(-x))*2(x)(-y)(-x)(y)(y)(x)(-yX-x)(-x)(y)(x)(-y)(-y)(-x)(y)(x))*2 
The INADEQUATE acquisitions used a recycle time of at least 1.3Ti. x was 
set to 1/4J = 25ms to maximize the intensity of the double quantum 
transitions. For the hexasilicate samples 16K points were acquired in the 
first dimension using 256 scans in each of 90 (zero-filled to 128) data files. 
Each experiment required 15 to 24 hours to complete. 
The chemical shift values in Table 4.1 were measured relative to an 
internal reference. The NMR spectra for Samples A, B and D were 
internally referenced to TMS. In all the other spectra Si(OMe)[OSi(OMe)3], 
(b-Si4), and (MeO)3SiOSi(OMe)2OSi(OMe)2OSi(OMe)3, (/-Si4), were used as 
chemical shift standards (b-Si4 was used in the Q1 and Q3 regions and I-S14 
was used in the Q2 region), resulting in highly reproducible chemical shift 
values (± 0.01 ppm) in these three regions for the range of conditions used 
in this study. The Q° region was referenced relative to the Q1 resonance of 
b-Si4 and the Q4 region was referenced relative to the Q3 resonance ofb-Si^. 
Samples that did not contain the acyclic tetrasilicates were spiked with the 
acyclic tetrasilicates to provide a chemical shift reference. The chemical 
shift values in Table 1 for the mono-, di- and trimethylsilicates were 
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obtained relative to the acyclic tetrasilicates from an NMR sample 
containing these species plus TMS and 15% by volume CD3CN. 
Sample Preparat ion. All of the methylpolysilicate solutions (see 
Table 4.2) were prepared by Ramamurthi.4 Each solution was 
characterized by GC/MS. Gas chromatograms were obtained before and 
after the NMR spectra were obtained. 
Prior to acquiring an NMR spectrum the solutions were made 
0.012M to 0.015M in Cr(acac)3 (Aldrich). In the case of the standard silicate 
solution, the NMR spectrometer lock was provided by D20 (Sigma) 
contained in a tube placed inside the sample tube. To the other samples 
CD3CN (ICN Biochemicals) was added to obtain lock as well as to reduce 
linewidths or to increase volume. Samples A, B, D and E contained 25% by 
volume CD3CN and samples C, F, G, H and I contained 50% by volume 
CD3CN. 
C. Results 
Each of the nine samples listed in Table 4.1 was examined by 29Si 
NMR spectroscopy and GC/MS and the more complex samples were also 
examined in a ID or 2D INADEQUATE experiments. The nine polysilicate 
solutions analyzed in the present study were divided into groups according 
to the silicate species in each sample. The groupings, in order of 
increasing complexity, are: (i) Samples A and B, (ii) Samples C and D, (iii) 
Samples E and F and (iv) Samples G, H and I. The groups, listed according 
to the principal species in each group, are: (i) the di- and trisilicates, (ii) 
the acyclic and cyclic tetrasilicates, (iii) the acyclic and cyclic pentasilicates 
and (iv) the acyclic and cyclic hexasilicates. At least one representative gas 
chromatogram (GC) and NMR spectrum is provided in this chapter for 
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each of the four groups except for the exceedingly simple group (i). The GC 
peaks in each sample are labeled with upper case letters as shown in 
Figure 4.1. The NMR peaks shown in the spectrum of each sample are 
labeled with lower case letters. In the text each polysilicate species will be 
represented by a code. This code can be written [letter - Sin - number] 
where the letter, b (branched, having at least one Q3 or Q4 site), I (linear) or 
c (cyclic, containing one silicate ring) indicates the structure type, the 
subscript n indicates the number of silicon atoms in that structure and the 
number specifies the structural isomer (see Table 4.2). A summary of the 
results of this work is shown in Table 4.2, which contains information 
regarding every silicate ester oligomer, containing up to six Si atoms, 
which is present in the GC of the standard silicate solution (see Figure 4.1) 
in a concentration sufficient to account for 0.1% or more of the total 
integrated area of the GC. 
Group (i): the di- and trisilicates. Samples A and B (see Table 4.1 for 
sample code), which contained pure disilicate and trisilicate respectively, 
were examined by 29Si NMR.4 These NMR spectra matched those of 
authentic disilicate and trisilicate which were prepared independently.4 
The peak position in the GCs of these samples matched those of peaks B and 
C in the GC of the standard silicate solution (see Figure 4.1). Therefore, GC 
peak B represents / -Si2 and GC peak C represents / -Si3 (see Table 4.2 for 
structure codes). 
Group (ii): the acyclic and cyclic tetrasilicates. The GC of Sample D 
showed only two peaks, which were identified as [Si403](OCH3)io by GC/MS 
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(see Figure 4.3a). This molecular formula corresponds to that of the acyclic 
tetrasilicates. The 29Si NMR spectrum (see Figure 4.3b) was examined in 
order to determine which GC peak was due to b-Si^ and which peak was 
due to / -Si4. The branched tetrasilicates, b-Si^, has one Q3 center and three 
Q1 centers whereas the linear tetrasilicate, I -Si4, has two Q2 and two Q1 
centers (see Introduction for an explanation of Qn terminology). Resonance 
d in the 29Si NMR spectrum of Sample D can be assigned to the Q3 center of 
the branched isomer and resonance b, with an intensity three times that of 
resonance d can be assigned to the Q1 center ofb-Bi^. The resonances a and 
c can be assigned to the Q1 and Q2 centers of I-S14 respectively. The ratio of 
the integrated intensity of the Q1 resonance of the linear isomer (which 
represents two equivalent Si atoms per molecule) to 2/3 of the Q1 resonance 
of the branched isomer (which represents three equivalent Si atoms per 
molecule) in the 29Si NMR spectrum is 6.09. The corresponding GC shows 
that the peaks E and F have an integrated ratio of F/E = 6.15, suggesting 
that peaks E and F correspond to branched and linear isomers respectively. 
These assignments were verified by recording 29Si NMR spectra for a set of 
samples with varying ratios of the two peaks, E and F. 
It was found that assigning polysilicate species according to their 
chemical shift values relative to TMS was unsatisfactory because these 
values varied from sample to sample and region to region. For example, in 
the NMR spectrum of Sample D the resonances ofb-Si^ appeared at -86.093 
ppm and -102.019 ppm and these are 15.926 ppm apart, while in the NMR 
spectrum of Sample E the resonances ofb-Si^ appeared at -86.137 ppm and 
-102.108 ppm, a separation of 15.971 ppm. To achieve adequately 
reproducible chemical shift values, within 0.01 ppm, the acyclic 
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Figure 4.3 GC and NMR spectrum of Sample D. a) Gas chromatogram 
with GC peak areas: 13% b-SU (E) and 80% /-Si4 (F). No other 
peak areas exceed 1.5% of the total area, b) 59.6 MHz 29Si(iH) 
FTNMR spectrum of Sample D. A 10.5s recycle time was 
used. The ball and stick structures represent the silicate 
backbone wherein each ball represents bridging oxygens. The 
open circles indicate which Si atom within each structure is 
responsible for a particular peak. 
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tetrasilicates were used as chemical shift standards as described in the 
experimental section. 
The GC/MS results from Sample C (see Figure 4.4a) show the 
presence of 5 peaks that are labelled C-F and *. Peaks C, E and F have 
already been identified as the linear trisilicate, branched tetrasilicate and 
linear tetrasilicate respectively. Peak *, which appears in the cyclic 
tetrasilicate region of the GC, is not present in the GC of the standard 
silicate solution; it appears only as an artefact of the fractionation process. 
The MS of peak D indicated that it was a cyclic tetrasilicate. Of the six 
largest peaks in the NMR spectrum of Sample C, (see Figure 4.4b) only one, 
resonance c, has not already been assigned. A ID INADEQUATE 
confirmed that no inequivalent -O-Si units neighbor the Si atom which 
resonates at -92.9 ppm. Thus the structure represented by the resonance at 
-92.9 ppm must be c-Si^. Resonance c also appears in the NMR spectrum of 
the standard silicate solution. GC peak * in Figure 4.4a does not appear in 
the GC of the standard silicate solution, therefore resonance c (that is 
structure c-Si^) must be assigned to GC peak D. 
Group (iii): the acyclic and cyclic pentasilicates. The identities of two 
acyclic pentasilicates were determined by examining the GC/MS and the 
NMR spectrum of sample F. The three possible isomers for the acyclic 
pentasilicates are b-Sig-l, b-Sig-2, and /-Sis (see species code in Table 4.3). 
The GC of the standard silicate solution and of sample F (see Figure 4.5a) 
showed only two peaks, I and J, which were identified by mass 
spectrometry as acyclic pentasilicates. The NMR spectrum of sample F 
(see Figure 4.5b) shows six resonances, a-f. The absence of any Q4 
resonances in the NMR spectrum in Figure 4.5b confirms the absence of 
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Figure 4.4 GC and NMR spectrum of Sample C. a) Gas chromatogram 
with GC peak areas: 12% Z-Si3 (C), 3.0% unidentified artifact 
(*), 3.8% c-Si4 (D), 18% b-Si4 (E) and 5% J-Si4 (F). No other peak 
areas exceed 1.5% of the total area, b) 99.3 MHz 29Si(lH) 
FTNMR spectrum of Sample C. In this spectrum, 768 
transients were acquired using an 18.3s recycle time. The ball 
and stick structures represent the silicate backbone wherein 
each ball represents a Si atom and the interconnecting sticks 
represent bridging oxygens. The open circles indicate which 
Si atom within each structure is responsible for a particular 
peak. 
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Table 4.3 Possible Pentasilicate Isomers. The pentasilicate species which 
are possibly present in Sample E and the theoretical connectivity in order 
from one end of the molecue to the other end and the intensities within each 
set. The presence of each significant component is noted. 
Species 
Code 
c-Sis-l 
c-Sig-2 
c-Si5-3 
c-Sis^ 
c-Sig-5 
b-Sis-l 
I-S15 
b-Sis-2 
Structure 
O 
O-
X 
JK 
I W 
J^ 
^ - ^ 
< 
* — I 
» 
1 — * 
1 
Connectivity 
1 
1:1:2:1 
2:1:2 
2:2:1 
1:1:1:2 
2:1:1:1 
2:2:1 
4:1 
observed 
observed 
observed 
observed 
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Figure 4.5 GC and NMR spectrum of Sample F. Gas chromatogram with 
GC peak areas: 30% b-Sig-l (I) and 58% /-Si5. No other peaks 
exceed 3% of the total area, b) 59.6 MHz 29Si{1H) FTNMR 
spectrum of Sample F. In this spectrum, 800 transients were 
acquired using a 7.0s recycle time. The ball and stick 
structures represent the cilicate backbone wherein each ball 
represents a Si atom and the interconnecting sticks represent 
bridging oxygens. The open circles indicate which Si atom 
within each structure is responsible for a particular peak. 
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any of the b-Sig-2 isomer. The integration of this spectrum shows that 
resonance f has the same intensity as resonance e and resonance b has 
twice the intensity of either resonance e or f. Resonance d is 34% more 
intense than resonance e suggesting that resonances d and e are not due to 
the same species. Resonance c is twice as intense as resonance d. The 
intensity of resonance a (which is assigned to overlapping resonances of 
both acyclic pentasilicates) is equal to the sum of intensities of resonance c 
and resonance e. This information led to the assignment of the Q3 
resonance f, the Q2 resonance e, the Q1 resonance b (representing two 
equivalent Si atoms) and the Q1 resonance a to the pentasilicate structure b-
Sig-2. In addition, resonance d, resonance c and resonance a (the latter two 
of which are due to two equivalent Si atoms each) were assigned to the 
structure / -Sig. The assignment of these structures to their corresponding 
GC peaks will be made in the following discussion of Sample E which has a 
different ratio of GC peak I to peak J. 
The identities of the two cyclic pentasilicates were determined by 
examining the GC/MS results and the NMR spectra of Sample E. The GC 
of the standard silicate solution and of Sample E (see Figure 4.6a) showed 
only two peaks, G and H, which were identified by mass spectrometry to be 
monocyclic pentasilicates. In addition to these peaks, the GC of sample E 
showed peaks E, F, I and J which have already been identified as b-Si4, / -
Si4, b-Sig-2 and / -Sis (although which of the latter two structures belongs to 
I and which belongs to J has yet to be determined). The five isomers that 
are possible by monocyclic pentasilicates are shown in Table 4.3, c-Sig-l 
through c-Sig-S. 
The NMR spectrum of Sample E is shown on the top of Figure 4.6b. 
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Figure 4.6 GC and NMR spectra of Sample E. a) Gas chromatogram 
with GC peak areas: 2.4% b-Si4 (E), 24% Z-Si4 (F), 11% c-Si5-l 
(G), 19% c-Sis-2 (H), 21% b-Sig-1 (I) and 18% /-Si5 (J). No other 
peaks exceed 1% of the total area, b) The top of the figure 
shows a 99.3 MHz 29Si{1H) FTNMR spectrum of Sample E. In 
this spectrum, 512 transients were acquired using an 8.3s 
recycle time. Letters marked with an asterisk indicate 
resonances due to cyclic pentasilicates. The bottom of the 
figure shows a contour plot of 59.6 MHz 29Si{1H} 2D-
INADEQUATE spectrum. Connectivities between peaks in 
the NMR spectrum are indicated by the letters, c) 90° 
projection of the 2D INADEQUATE spectrum. 
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Many of the resonances in this spectrum have already been identified as 
belonging to the acyclic tetra- and pentasilicates. The resonances, b, d, e, g 
and j which cannot be accounted for as acyclic tetra or pentasilicates are 
due to the cyclic pentasilicates and are marked by asterisks. Resonances b, 
d and j are of equal intensity. Resonance e has twice the intensity of any of 
these resonances. Resonance g has about three times the intensity of 
resonance b, d or j . None of the possible monocyclic pentasilicate isomers 
have three equivalent Si atoms, and therefore it is likely that resonance g is 
due to the structure c-Sis-1 in which all five Si atoms are equivalent (this 
assignment was confirmed by an INADEQUATE experiment, see below). 
The remaining cyclic pentasilicate species has a Q3 resonance of intensity 
one, a Q1 resonance of intensity one, a Q2 resonance of intensity one, and a 
Q2 resonance of intensity two. The structures c-Sis-5 and c-Sis-2 are both 
expected to have this type of NMR spectrum. A listing of the possible 
structural isomers of the pentasilicates and their corresponding 
connectivity patterns is shown in Table 4.3. To determine which is the 
correct structure a 2D INADEQUATE experiment was performed. A 
contour plot of the 2D INADEQUATE spectrum is shown on the bottom of 
Figure 4.6b. This plot shows that resonance b is coupled to resonance j (that 
is, the Si atom resonating at b is connected via a bridging oxygen to the Si 
atom resonating at j) and resonance j is also coupled to resonance e. 
Resonance e is also coupled to resonance d. In other words, there is a 
resonance of relative intensity one which is connected to a resonance of 
relative intensity one which is in turn connected to a resonance of relative 
intensity two, and this resonance is in turn connected to a resonance of 
relative intensity one (that is the connectivity pattern is 1:1:2:1). This 
109 
connectivity pattern is unique for the pentasilicate c-Sig-2. The structure c-
Sig-5 would display a connectivity pattern of 2:1:1:1. In the 2D 
INADEQUATE spectrum, the coupling between resonance c and resonance 
d appears as two resonances centered around the midpoint between 
resonances c and d rather than a pair of doublets because the difference of 
the chemical shifts between c and d (12 Hz) is of the same order as the 
coupling constant (10 Hz). 
The 90° projection of the 2D INADEQUATE spectrum (see Figure 
4.6c) also shows that resonance g is not connected to any other resonance. 
This confirms the assignment of resonance g to the structure c-Sig-1. The 
contour plot of the 2D INADEQUATE spectrum combined with the one 
pulse experiment also show the connectivity patterns of 2Q*s (where the 2 
represents the relative intensity of a single resonance in the Q1 region) 
connected to 1Q3 connected to 1Q2 connected to 1Q1 (2:1:1:1) and 2Q*s 
connected to 2Q2s connected to 1Q2 (2:2:1) which confirm the assignments of 
the acyclic pentasilicates b-Sis-1 and I -Sis respectively. 
In the case of the acyclic pentamers the GC assignments can be 
made by comparing of the relative abundances of Z -Sis vs. b-Sis in Samples 
E and F. In Sample F the GC showed the ratio of the first peak to the second 
to be I/J = 0.51 and the integrated NMR ratio to be b-Si^l -Sis = 0.55. In 
Sample E the ratios are 1.17 and 1.19 respectively. Therefore the first 
species eluted is b-Sis while the second is I -Sis. The ratio of the areas of the 
GC peaks of the monocyclic pentamers is G/H = 0.56 which can be 
compared to the ratio of the NMR integrations, c-Sis-2/c-Sis-l = 0.56. 
Assuming that the response factors are similar, then c-Sis-1 is the first 
cyclic pentamer eluted and c-Sis-2 the second. 
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Group (iv): the acyclic and cyclic hexasilicates. To completely assign 
the hexasilicate species present in the standard silicate solution, it was 
necessary to examine three fractions. The GC of sample I contained the 
acyclic pentasilicate J and three acyclic hexasilicate peaks S, T, and U; and 
for the purposes of referencing the NMR spectrum, the acyclic 
tetrasilicates, E and F were added (see Figure 4.7a). The GC of sample H 
contained six monocyclic hexasilicate peaks, labelled K-P, two acyclic 
pentasilicates I and J, and five acyclic hexasilicate peaks Q-U (see Figure 
4.8a). The GC of Sample G contained the same species as Sample H but it 
contained more of the cyclic hexasilicates than Sample H. 
The structural assignments of the hexasilicate isomers in solution, 
using NMR spectra from 2D INADEQUATE experiments and one pulse 
experiments, was carried out in an analogous manner to that of the 
structural assignments of the NMR spectra of the pentasilicates. A table is 
provided to aid in the analysis of the NMR spectra, which shows the 
expected connectivity pattern for each of the possible acyclic and monocyclic 
hexasilicate isomers as well as the coupling patterns that were observed 
(see Table 4.4). 
The five structural isomers of the acyclic hexasilicates are shown in 
the top of Table 4.4. In order identify each isomer the NMR spectrum of the 
simplest mixture, Sample I, was examined first (see Figure 4.7b-e). The 
NMR spectrum in Figure 4.7 contains: resonances a, b, f and j which have 
already been identified as belonging to the acyclic tetrasilicates; resonances 
a, f and g which have already been identified as belonging to the acyclic 
pentasilicate / -Sis; and resonances a, c, d, e, f, g, h, i, k and / which belong 
to three of the acyclic hexasilicates contained in the GC peaks S, T and U. 
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Figure 4.7 GC and NMR spectrum of Sample I. a) Gas chromatogram 
with GC peak areas: 3.8% b-Si4 (E), 23% /-Si4 (F), 3.7% l-Si5 (J), 
13% b-Si6-3 (S), 15% b-Sie-4 (T) and /-Si6 (U). No other GC 
peaks exceed 2% of the total area, b-e) 99.3 MHz 29Si{1H} 
FTNMR spectrum of Sample I. In this spectrum, 512 
transients were acquired using a 11.3s recycle time, b) The 
full scale spectrum, c) A plot of the Q1 region, d) A plot of the 
Q2 region, e) A plot of the Q3 region. 
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Table 4.4 Possible Hexasilicate Isomers. 
Species Structure 
Code 
Connectivity 
observed connectivity sets 
b-Si6-l 
b-Si6-2 
b-Sia-3 
b-Si6^ 
I-Si6 
c-Si6-l 
c-Sie-2 
c-Si6-3 
c-Sig-4 
c-Si6-5 
c-Sig-G 
c-Si6-7 
X 
o 
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2:2:1:1 
2:1:1:1:1 
2:2:2 
2:2:1:1 
2:2:2 
2:2:2 
1:1:1:2:1 
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3:3 
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l:l:2:?b 
?:?:1:1:2 
1:1:1 
1:1:2:2 
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1:2:1:1:1 
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continued 
c-Si6-8 P~S 1:1:1:2 
c-Si6-9 N ( * . 2:1:1:1 
X 
c-Si6-ll . ^ / 1:1:1:1:1:1 
c-Si6-12 £ > _ V \ 2:1:1:1:1 
1 
c-Si6-10 . * 2:1:1:2 
^Connection has ^ = 2 in the 2D INADEQUATE. 
b? represents a resonance of unmeasureable intensity due to overlap with 
multiple resonances. 
116 
Figure 4.8 GC and NMR spectra for Sample H. a) Gas chromatogram 
with GC peak areas: 0.9% b-Si5-l (I), 2.0% Z-Si5 (J), 0.9% c-Si6-l 
(K), 7.1% c-Si6-2 (L), 4.2% c-Si6-3 (M), 1.2% c-Sig-4 (N), 1.7% c-
Si6-4 (O), 11.1% c-Si6-5 (P), 2.9% b-Si6-l (Q), 5.2% b-Si6-2 (R), 
23.4% b-Si6-3 (S), 18.9% b-Si6-4 (T) and 15.2% /-Si6 (U). No other 
peaks exceed 0.6% of the total area, b-f) 99.3 MHz 29Si{1H} 
FTNMR spectrum of Sample H. Letters marked by an 
asterisk indicate acyclic hexasilicate resonances which were 
also observed in Figure 4.7b-e. b) The full scale spectrum, c) 
A plot of the Q1 region, d) A plot of the Q2 region, e) A plot of 
the Q3 region, f) A plot of the Q4 region, g) A low resolution 
plot of a portion of the 2D INADEQUATE spectrum, h) A 
blow-up of a single slice from the high resolution 2D-
INADEQUATE spectrum showing the coupling between the 
Q1 and Q2 resonances ofb-Sig-3. 
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The NMR spectrum of Sample I showed no resonances in the Q4 region; 
thus the structure b-Sig-1 can be eliminated as a possible isomer for GC 
peaks S, T or U. However, this one pulse experiment NMR spectrum was 
too complex for a complete structural analysis. Therefore a different 
fraction, Sample H, was examined. 
The one pulse experiment NMR spectrum of Sample H (see Figure 
4.8b-f) displays the resonances a-ii. Resonances which also occur in the 
NMR spectrum of Sample I are indicated by an asterisk. The 2D 
INADEQUATE spectrum of Sample H (see Figure 8g-h) combined with 
integration values from the NMR spectra of Samples I and H show that 
resonance gg* of intensity one is coupled to resonance u* of relative 
intensity two and that resonance gg* is also coupled to the Q1 resonance g* 
of intensity one. Because of the appearance of a small resonance in the Q3 
region, hh, which was later found to be due to the species b-Sig-2, which is 
also coupled to a nearby Q1 resonance, f*, the 20 INADEQUATE spectrum 
did not distinguish whether resonance gg* was coupled to resonance f* or 
g*; this assignment was made by matching the intensity of resonance g* to 
that of gg*. Resonance u* is also coupled to the Q1 resonance b*. The 
relative intensity of resonance b* cannot be determined by integration due to 
the overlap of several resonances at this frequency. The only acyclic 
hexasilicate structure that possesses four inequivalent Si atoms (i.e. b*, u*, 
gg* and g*) and/or an internal connection between resonances with relative 
intensities of two to one (i.e. u* to gg*) is b-Sis-3. The connectivity pattern of 
this compound is 2:2:1:1, and therefore resonance b* must have relative 
intensity two because it is coupled to a resonance of intensity two. 
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To assign the next structure, the resonance f* is assigned an 
intensity of two. The Q1 resonance f* is coupled to resonance ee* which has 
a relative intensity of one. Resonance ee* is also coupled to resonance w* of 
intensity one, and resonance w* is also coupled to resonance o* of intensity 
one. Resonance o* is coupled to the Q1 resonance b*. Resonance b* cannot 
be assigned an intensity due to overlap of multiple resonances at this 
frequency. The resulting acyclic hexasilicate connectivity pattern 2:1:1:1:? 
can be assigned to the structure b-Bi^-4 (see Table 4.4). Resonance s* in the 
NMR spectrum of Sample H is coupled to resonance p*, and after the 
intensity due to / -Si4 and / -Sis is subtracted from resonance p*, these 
resonances have roughly the same intensity. Resonance p* is also coupled 
to Q1 resonance b*, which also has a relative intensity of about one after 
subtraction of the b* resonances off -Si4, / -Sis, b-Sig-3 and b-Si^-4. This 
acyclic hexasilicate, which contains three inequivalent Si atoms (in a 1:1:1 
ratio), is structure I -Sis, where resonance s* is due to the central Si atoms. 
The remaining two acyclic hexasilicate species can be assigned to 
resonances in the NMR spectra of Sample H. The 2D INADEQUATE plot 
shows that the resonances f* and hh in Figure 4.9b are coupled to each 
other. After the intensity due to b-Bi^-4 is subtracted, resonance f* is twice 
as intense as resonance hh. Inspection of Table 4.4 reveals that this 2:1 
connectivity pattern is unique among the hexasilicates to the structure b-
Sie-2. The observation that resonance f* lies in the Q1 region and resonance 
ff lies in the Q3 region agrees with this assignment. The 2D INADEQUATE 
plot also shows that there is a connection between resonance h and the Q4 
resonance ii. Resonance h is three times as intense as resonance ii. The 
only hexasilicate isomer that has a three to one connectivity is the structure 
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b-Sig-1. The remaining couplings for b-Sig-l were not observed in the 2D 
INADEQUATE plot because the b-Sig-1 species was in low concentration (3 
mole percent of silicates by NMR spectroscopy). The Q2 resonance is 
tentatively assigned to resonance x, which has a relative intensity of one, 
since it is shifted from the Q2 resonance of b-Si-3 (0.24 ppm) by the same 
amount as the Q2 resonance of b-Si-3 is shifted from the (high frequency) Q2 
resonance of/ -Sig. This assignment is based on the assumption that the 
change in the chemical shift in going from a Q2 resonance connected to a 
Q3 and a Q1 to a Q2 resonance connected to a Q4 and a Q1, will be the same 
as the change in chemical shift in going from a Q2 resonance connected to a 
Q2 and a Q1 to a Q2 resonance connected to a Q3 and a Q1. The Q1 resonance 
of relative intensity one in b-Sig-1 is expected to lie under resonance b* since 
the resonances for all the other Q1 sites connected to Q2 sites in acyclic 
silicate methyl esters occur at this frequency. 
The GC peaks of the acyclic hexasilicates were assigned structures. 
In Sample I the GC peaks S, T and U are an order of magnitude larger 
than any other peaks, excluding the tetrasilicate standards. It is 
reasonable to assume that these peaks are due to the species b-Sig-3,1 -Sig 
and b-Sig-4 which dominate the NMR spectrum of Sample I. In Sample I 
the order of peaks from the smallest to largest in the GC is S<T<U and in 
the NMR spectrum is b-Si^-3<b-Sig-4</ -Sig; in Sample H both of these orders 
are reversed (see Table 4.5). Thus the peaks must be assigned S=b-Sig-3, 
T=b-Si6-4 and \5=l -Sig. To complete the assignment of the acyclic 
hexasilicates, the relative GC and NMR intensities of the unassigned peaks 
were compared. In Sample H Q/R=0.56 and b-Si6-l/b-Sig-2=0.48. If one 
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Table 4.5 Relative Abundance of the Hexasilicates. 
Species 
Code 
c- Si6-1 
c - Si6-2 
c - Si6-3 
c - Si6-4 
c - Si6-5 
b - Si6-1 
b - Si6-2 
b - Si6-3 
b - Si6^ 
/ -S i 6 
GC 
Peak 
K 
L 
M 
N 
0 
P 
Q 
R 
S 
T 
U 
Sample H 
GC 
Area a 
0.058 
0.47 
0.27 
0.084 
0.122 
0.73 
0.191 
0.34 
1.52 
1.24 
1 
Species 
Concentration^ 
0.041 
0.44 
0.25 
0.180 
0.67 
0.159 
0.33 
1.23 
1.14 
1 
Sample I 
GC Species 
Area a Concentration 
0.45 0.41 
0.50 0.58 
1 1 
a
 Relative to the area of peak U. b Determined by integration of resonances 
in the NMR spectrum and presented relative to the area of Z - Sig. 
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assumes that these two species have similar Rf values, then b-Sis-1 is 
assigned to GC peak Q and b-Sig-2 to GC peak R. 
Several of the cyclic hexasilicate isomers can be structurally 
characterized from the NMR spectra of Sample H (see Figure 4.8b-f). 
Resonance a of intensity one is coupled to resonance q of intensity one 
which is in turn coupled to resonance bb of intensity one; resonance bb is 
also coupled to resonance j of relative intensity two and resonance j is also 
coupled to resonance i of relative intensity one. This connectivity pattern of 
1:1:1:2:1 is unique for the structure c-Sig-5. Resonance e of intensity one is 
coupled to resonance ff which has an equal intensity. Resonance ff is also 
coupled to resonance v which has a relative intensity of two and resonance v 
is also coupled to resonance r of relative intensity two. This 2:2:1:1 
connectivity pattern is unique among the monocyclic hexasilicates to the 
structure c-Sig-2. 
The resonances c and d are coupled to the resonances cc and dd. The 
resonances cc and dd are coupled to the resonances k and Z. The 
resonances d, cc, dd, k and I have about equal intensities while resonance c 
has two to three times the intensity of any of these resonances (resonance c 
turns out to also be part of another connectivity set, see below). The 
observations involving the resonances c,d,cc,dd,k and / are consistent with 
three possibilities. One structure that is technically consistent with these 
observations is that of c-Sig-ll (see Table 4.4), where the resonances for the 
end groups appear in the Q1 region, and the resonances for the Si atoms 
neighboring these appear in the Q3 region. However since each of these 
pairs are composed of Si atoms in quite different environments it would be 
highly unlikely for them to appear as three sets of doublets in the NMR 
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spectrum. The second possibility is that the two species with connectivity 
patterns of 1:1:1 (that is c-Sig-3 and c-Sig-4) are very close in chemical shifts. 
This possibility can be eliminated by the observation of another connectivity 
set that is very similar to this one (see below). Thus it can be concluded that 
these doublets are caused by two stereoisomers of the same structure. Thus 
if we regard each of these doublets as a singlet we obtain the connectivity 
pattern 1:1:1 which corresponds to either c-Sig-3 or c-Sig-4. Both of these 
structures has a pair of stereoisomers 3 and 4, and 5 and 6. The only 
\_y 
4 
y 
5 
/ ^ 
6 
remaining observed connectivity set shows resonance c coupled to 
resonances m and n and these resonances are coupled to resonances z and 
aa. Once the intensity for the Q1 resonance of the isomer mentioned above 
is subtracted from resonance c, the connectivity pattern appears as 1:1:1. It 
also must correspond to one set of the stereoisomers mentioned above. If we 
assume that the species described above are equally favored enthalpically 
and are in equilibrium, then the species c-Sig-3 should be twice as prevalent 
as the species c-Big-4^. Thus the more intense set of resonances c, d, cc, 
dd, k, and Z are assigned to the structure c-Sig-3 and resonances c, m, n, z, 
and aa are assigned to the structure c-Big-4. 
The following assignment of monocyclic hexasilicate structures to 
peaks in GC was performed using the assumption that response factors for 
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these species are within 10% of each other. The largest cyclic peak in the 
GC of Sample H, peak p, is assigned to the most abundant cyclic species, c-
Sig-5 (see Table 4.5). Similarly the second largest cyclic GC peak, L, is 
assigned to the second most abundant cyclic species, c-Sig-2. The third 
largest cyclic GC peak, M, is assigned to the third most abundant cyclic 
species, c-Sig-3. The fourth largest GC peak, O, is not large enough to be 
matched to the fourth most abundant species, c-Sig-3 (see Table 4.5). 
However, if the areas of peaks N and 0 are combined, they correspond well 
with the relative concentration of c-Sig-3. 
The only significant peak in the GC of Sample H that remained 
unassigned is peak K. Since no monocyclic species containing rings with 
three Si atoms were observed for the standard silicate solution in the tri-, 
tetra-, or pentasilicate regions in the GC, and since c-Sis-1 was the first 
cyclic pentasilicate eluted, peak K (see Figure 4.8a) was expected to be due to 
c-Sig-l. Based on the chemical shifts of c-Si4 and c-Sis-1, c-Sig-l is expected 
to have its resonance in the Q2 region of NMR spectrum of Sample H where 
it might be hidden under a much larger resonance of an acyclic 
hexasilicate. To establish this assignment, a one pulse NMR experiment 
and a 2D INADEQUATE experiment were performed on Sample G. The 
GC of this sample had an integrated ratio of cyclic hexasilicates to acyclic 
hexasilicates of 4.5 compared to the ratio of 0.51 that was found in the GC of 
Sample H. In the NMR spectrum of Sample G, the resonance labeled t in 
Figure 4.8d was the fourth largest resonance in the Q2 region. It was clear 
from the 20 INADEQUATE spectrum of Sample G that this resonance was 
not coupled to any other resonance. Furthermore, the integrated value of 
resonance t relative to other cyclohexasilicates in Sample G agreed well 
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with the relative intensity of peak K in the GC of Sample G. Therefore the 
structure c-Sig-l is assigned to peak K. 
Quantitative analysis of sol-gel mixtures by gas chromatography. 
The response factors (Rf) for each of the silicate ester isomers were 
calculated so that the distribution of silicate ester species in a sol-gel 
mixture can be determined by gas chromatography. The Rf values were 
calculated using the formula: 
Rf=(Ac/As)/(C(/Cs) (2) 
where Ac and As are the areaa of the GC peaks of the component and the 
standard respectively, and Cc and Cs are the concentration of the 
component and the standard respectively (these calculations were 
performed by Ramamurthi and are discussed in detail in ref. 4). The 
response factors for the mono- through tetrasilicates were obtained by 
analyzing the GCs of solutions containing known concentrations of these 
species and a diglyme standard.4 The response factors for the higher 
molecular weight silicate ester oligomers were obtained by comparing their 
concentrations in the 29Si NMR spectrum and their areas in the GC with 
those of the acyclic tetrasilicate, b-Si4, which was added to the solution as a 
standard.4 For NMR integrations, integrations of non-overlapping 
resonance(s) for a species were chosen and compared with the integrated 
intensity of b-Si4. Once response factors were established, the distribution 
of low molecular weight silicate esters in a sol-gel mixture was 
conveniently monitored by gas chromatography. 
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D. Discussion. 
The NMR spectrum and the GC of the standard silicate solution 
agree qualitatively (see Figures 4.1 and 4.2), although the NMR spectrum of 
the standard silicate solution contains too many overlapping peaks and has 
an insufficient signal to noise ratio for a quantitative analysis of the 
distribution of polysilicate species. All of the GC peaks in the mono-
through hexasilicate range have been assigned a structure. The arrows in 
the GC (see Figure 4.1) indicate hydroxylated species, and the asterisk 
indicates an impurity in the tetramethylsilicate starting material. The 
NMR spectrum contains resonances that have been assigned to I -Sii, I -Sig, 
f -Sig, b-Si4,1 -Si4, c-Si4, / -Sis, b-Sis, c-Sis-2, c-Sis-1, c-Si6-4, c-Si6-5, c-Si6-3. c-
Si6-2, b-Si6-3 and possibly Z -Sie, b -Bi^ , c-Si6 and b-Si6-2. Neither gas 
chromatography nor NMR spectroscopy show appreciable amounts of b-Sis-
2 or b-Sig-l. The agreement between the NMR spectrum and the GC 
indicates that gas chromatography does not alter the contents of the 
standard silicate solution. 
The types of low molecular weight polysilicate species which 
predominate under a variety of conditions are now known. In the present 
study acyclic structures and the less strained cyclic structures are formed. 
Structures that contain trisilicate rings or more than one ring are not 
observed. A similar distribution of polysilicates was observed from the 
hydrolysis of silicon tetrachloride in diethylether.9 A very different sort of 
distribution was observed when polysilicates were formed from the gas 
phase O2 oxidation of SiCl4 10 or in aqueous, alkaline silicate solutions.17 In 
the latter two cases compact structures appeared to be favored over linear 
structures; trisilicate rings and multi-ring structures were quite common. 
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